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SEISMIC PERFORMANCE OF MECHANICALLY SPLICED PRECAST BRIDGE 
COLUMNS WITH NEW COUPLERS 
EVAN JON GREENEWAY 
2021 
Lap splicing is not always the most economical or practical approach to achieve 
reinforcement bar continuity.  Mechanical bar splices, or bar couplers, are one alternative 
that may be far more practical.  Currently, the US codes do not allow for the use of bar 
couplers in the plastic hinge region for RC members in areas of high seismic activity.  
There has not been enough research into the couplers behavior when subjected to 
significant inelastic lateral deformations.  The Lohr Structures Laboratory was used to 
conduct an experimental study on campus of South Dakota State University to evaluate 
the seismic performance of mechanically spliced bridge columns.  The study was to 
design, build, and test eight half-scale precast bridge columns, one reference column and 
seven with various bar couplers.  The reference column and the last three columns tested 
will be fully evaluated in this document. 
The first column was a cast-in-place (CIP) column to serve as a reference column, and 
the last three were precast columns containing various couplers located at the base of the 
columns (nVent Lenton Interlock couplers in PHV, nVent Lenton Ultimate PT15 Position 
couplers in PTV, and Headed Reinforcement Corp. HRC510XL couplers in PHH).  Each 
of the four columns was subjected to the same slow cyclic loading.  The loading was 
lateral and displacement-controlled, the loading started small and gradually increased.  
xxiv 
 
Compared to the displacement capacity of CIP, the precast columns PHV, PTV, and PHH 
experienced a reduction of 26.8%, 38.9%, and 3.4% respectively.  The three precast 
columns all exceeded the current seismic requirements in the US and are therefore 
advocated for use nationwide.  An analytical study was also done in an effort to verify 
one of the current mechanically spliced bridge column modeling methods.  The modeling 
method was able to accurately produce force displacement relationships for CIP and the 
three precast models when compared to their measured test data.  In conclusion, the 
modeling method was found to be adequate and is advised for the use of analysis and 
design for seismic couplers in bridge columns.
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In order to have concrete members with a length greater than one bar, the reinforcing bars 
need to be spliced together, this is known as lap splicing.  Lap splicing is done by 
overlying two pieces of rebar thus forming continuous reinforcement.  The two overlain 
pieces allow loads to be transferred properly throughout the structure, as if the two bars 
were actually one uniform piece of reinforcement.  While lap splicing is the most 
commonly used method for increasing the length of reinforcement, it can cause problems 
in precast members and members with substantial reinforcement. 
A mechanical bar splice (MBS) or bar couplers, is one possible substitution for lap 
splicing.  The bar coupler acts as the connecting unit for the two ends of the rebar being 
connected. There are various ways to connect the two bars inside the coupler including 
threads, grout, heads, and other mechanisms.  The use of bar couplers has multiple 
benefits including decreased reinforcement overcrowding, decreased construction time, 
lower material costs, and an increased level of quality.  Even with these benefits, the US 
codes do not allow for bar couplers in the plastic hinge region of bridge columns in areas 
of high seismic activity.  There have not been substantial studies done in the behavior of 
these couplers in such areas and is likely the reason the US does not allow it.  The 
parameters that could affect the bar coupler behavior include type of coupler used, aspect 
ratio, column geometry, reinforcement distribution, axial load index, etc. 
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1.2 Objective and Scope 
 The scope of this project is to measure and verify the impact mechanical bar 
splices have on both the force and displacement demand and capacity of bridge columns 
through experimental testing.  A total of eight half-scale bridge columns were constructed 
and tested under cyclic loading.  Only the first and last three columns will be analyzed in 
this report.   Each of the seven precast columns utilized a different type of bar coupler 
within the plastic hinge region in order to connect it to the footing.  The different 
couplers will be the only changing variable among the different precast columns.  All 
other variables such as aspect ratio, cross section, axial load index, and target ductility 
will remain constant between all precast columns.  Pushover analysis will also be used 
and compared to the measured results to validate the method.  
1.3 Document Outline 
 Chapter 1 consists of an introduction, scope of work, and a document outline.  
Chapter 2 contains an overview of the literature review on coupler material models and 
experimentation practices.  Chapter 3 consists of the construction and experimental 
investigation performed on the effect of seismic behavior of columns with couplers 
located in the plastic hinge region.  Chapter 4 compares the measured results of the test to 
the results calculated by pushover analysis in order to verify the method for calculating 
coupler behavior in the plastic hinge region.  Chapter 5 compares the measured results of 
the precast bridge columns to two alternative analysis methods from an NCHRP report. 
Chapter 6 provides a summary and conclusion of the experimental and analytical 









Lap splices are one of the most commonly used methods to increase the length of 
reinforcing bars.  The doubling up of the bars in the splicing location can cause 
overcrowding and increases material costs.  One alternative to lap splicing is the use of 
mechanical bar splicing, by using bar couplers.  The bar couplers eliminate the excess 
rebar that lay over each other in lap splices, reducing material costs.  The bars also have 
the benefit of reducing construction time, alleviating bar congestion, and improving the 
quality of the member.  In areas of high seismic activity, the US codes do not allow for 
the use of bar couplers in the plastic hinge region of bridge columns.  The following 
sections review alternative coupler types along with the testing methods and results from 
the previous part of this project.  
2.2 Mechanical Bar Splices 
There are several different classifications of couplers available to be used today 
with additional variations of each created by various companies.  The couplers are 
grouped together by the method in which they connect and transfer the load between the 
reinforcing bars.  Tension-compression couplers are needed for RC members to resist 
cyclic loading.  A few of the couplers that can transfer both tensile and compressive 
forces are headed bar couplers, threaded couplers, and grouted couplers.  Recently, a new 
type of coupler has been developed known as a hybrid coupler.  The hybrid coupler 
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combines two different coupler types together. (Tazarv and Saiidi 2016; Dahal and 
Tazarv 2020) 
2.2.1 Headed Couplers 
The headed couplers are made by altering the two ends of the reinforcement bars 
being connected.  The ends of the two bars are expanded, a sleeve with female threads on 
one side is placed over one bar end and a male threaded piece over the other bar as seen 
in Figure 2.1.  The threaded pieces are then twisted together to form the tension-
compression connection.  
 
Figure 2.1. Typical Headed Coupler (Dahal et al., 2019) 
2.2.2 Threaded Couplers 
The threaded couplers are made by altering the ends of the reinforcement to have 
male threads.  The threads can be constant or tapered.  The threaded ends are then turned 
into a sleeve with female threads, also known as a steel nut, until a desired length is 
reached.      
 
Figure 2.2. Typical Threaded Coupler (Dahal et al., 2019) 
2.2.3 Grouted Couplers 
The grouted coupler does not require any alterations to the ends of the bars.  The 
bars ends are inserted into a grout sleeve which is later filled with high strength, non-




Figure 2.3. Typical Grouted Coupler (Dahal et al., 2019)  
 
2.2.4 Hybrid Couplers 
The hybrid couplers work by combining two different coupler types together, like 
the ones mentioned above.  The hybrid coupler shown in Figure 2.4 is an example of a 
threaded-grouted hybrid coupler. 
 
Figure 2.4. Typical Threaded-Grouted Hybrid Coupler (Dahal et al., 2019)  
 
2.3 Material Model for Couplers 
Couplers are made in a variety of lengths, connections, ect., so no two couplers 
are the same.  This can make it difficult to model the behavior of each individual coupler.  
Tazarv and Saiidi (2016) proposed a coupler stress strain-strain material model that was 
used in this study and a brief review is presented in this section. 
2.3.1 Material Model by Tazarv and Saiidi (2016) 
 The study was based on the theory that when a bar utilizing a mechanical bar 
splice was in tension, only a part of the coupler length contributes to the elongation.  This 
part of the coupler that does not contribute is rigid and is defined as (βLsp).  The variable 
(β), or rigid length factor, is found through experimental means and is used to estimate 
the length of the coupler contributing to the elongation of the mechanical splice.  The 
total region of the modeling area is (Lcr) which is the coupler region, and it consists of the 
coupler length (Lsp) and the bar diameter times a factor α (αdb) on each side of the 
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coupler.  Figure 2.5 shows a schematic view of the various regions along with the new 
stress strain model proposed by Tazarv and Saiidi (2016).  The strain of the bar is 
affected by the introduction of a mechanical splice as well.  The strain shifts from (εs) to 
a smaller strain (εsp), this is because of the coupler rigidity.  
  
a) Mechanical Bar Splice Regions b) Stress-Strain Model 
Figure 2.5. Stress-Strain Model for Mechanical Bar Splices by Tazarv and Saiidi (2016) 
 
Equations 2-1 and 2-2 are two proposed equations to relate the strain of the mechanically 










(1 − 𝛽)𝐿𝑠𝑝 + 2𝛼𝑑𝑏
𝐿𝑠𝑝 + 2𝛼𝑑𝑏
 (Eq. 2-2) 
 
One key assumption is that when the spliced bars fail, failure will occur outside of the 
coupler region.  By failure occurring outside the coupler region, the exact properties of 
the coupler are not necessary in the modeling process.  The rigid length factor of the 
coupler (β) can then alter an unspliced bar to have the properties of the spliced bar. 
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2.3.1.1 Study by Dahal et al. (2019) 
 Dahal et al conducted extensive testing on various couplers using the model 
proposed by Tazarv and Saiidi (2016).  The testing was done on over 160 mechanical bar 
splices  of varying sizes: No. 5 (16 mm), No. 8 (24 mm), and No. 10 (32 mm).  The 
recommendations for the coupler rigid length factors proposed by Dahal et al. can be seen 
in Table 2.1.  It should also be noted the manufacturer Erico is now called nVent. 
Table 2.1. Coupler Rigid Length Factors Recommended by Dahal et al. (2019) 
 
 
2.4 Testing Methods and Results from Mechanically Spliced Columns 
A summary of the testing methods followed in the previous portion of this study 
conducted by Sjurseth and Tazarv (2021) are in this section.  
2.4.1 Study by Sjurseth et al. (2021) 
 Sjurseth (2021) designed, constructed, and tested a total of four half-scale bridge 
columns.  First, a CIP column was built and tested to serve as a reference for the other 
columns.  The three precast bridge columns were then built and connected to cast-in-
place footings using various couplers in the plastic hinge region.  Two of the columns 
used grouted couplers and the other used a grouted-threaded hybrid.  Figure 2.6 shows 
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the two precast grouted coupler connections and Figure 2.7 shows the hybrid precast 
connection and column cage.  
  
a) Grouted Coupler (PGS) b) Grouted Coupler (PGD) 
Figure 2.6. PGS and PGD Half-Scale Precast Coupler Connections Tested by Sjurseth et al. (2021) 
  
  
a) Hybrid Coupler Positioning (PHD) b) Column Cage 
Figure 2.7. PHV Half-Scale Precast Coupler Connection Tested by Sjurseth et al. (2021) 
  
The three precast columns peak force and drift capacity were compared to the CIP 
column.  The grouted couplers (PGD and PGS) had a peak force higher than CIP by 14% 
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and 6.4% respectively.  PGD and PGS both had reduced drift capacities when compared 
to CIP, 45% and 13% respectively.  The hybrid coupler, PHD, had a higher lateral force 
capacity 9% and a 63% reduction in drift capacity when compared to CIP.  PGS and CIP 
failed by longitudinal bar rupture while PGD and PHD both failed due to bar pullout.  
The study states all mechanically spliced precast columns tested met the current seismic 
requirements at that time.   
2.4.2 Study by Xin et al. (2021) 
Xin et al. (2021) conducted a study on three 1/3-scale bridge columns.  One 
column was built as a reference column (RCP), one utilizing grouted sleeve couplers 
(SFP), and the last using grouted sleeve prestressing tendon composite connection 
(SSFP).  The grouted couplers were both placed in the plastic hinge region.  Figure 2.8 
shows the grouted sleeve arrangement for the columns and connecting the columns.  
  
a) Arrangement of Grouted Sleeves b) Column Connection 
Figure 2.8.  The Construction of SFP and SSFP by Xin et al. (2021) 
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The peak lateral force measured for RCP was approximately 40.0 kips (178 kN).  The 
columns utilizing the grouted couplers experienced a higher bearing capacity. SFP was 
similar to RCP at approximately 39.7 kips (176.6 kN), but SSFP was much higher with 
an ultimate bearing capacity of 49.9 kips (222 kN).  The ductility coefficient of the 
columns with the grouted couplers (SFP was 4.76 and SSFP was 5.21) were higher than 
RCP at 4.45.  Longitudinal bar rupture was the cause of failure for each of the three 
columns.  The study states all three columns that were tested met the current seismic 
requirements.   
2.4.3 Study by Lavoy (2020) 
 This was an analytical study into the effect couplers have when placed in the 
plastic hinge region of columns in areas of high seismic activity.  The analytical 
investigation began with varying cast-in-place reference columns with different aspect 
ratios, axial load index, and sectional geometry (square or circular).  Additional analyses 
were performed for columns with coupler properties.  These coupler columns were also 
tested with different column and load characteristics similar to the CIP models.  Based on 
the results of the analytical study, it was found when a bar coupler is used in the plastic 
hinge region of a column, the displacement capacity of the column decreases when 
compared to the displacement capacity of the reference column.  More specifically, the 
displacement capacity decreases, and is most affected by, as the length and rigid length 
factor of the couplers being used was increased.  The results also showed that columns 
that were shorter and higher ductility were more affected by the addition of couplers.  




Figure 2.9. Circular Columns Summary Plot of Seismic Demand Analysis by Lavoy (2020) 
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In areas of high seismic demand, bridge columns need to be designed to withstand 
large inelastic lateral deformations.  Different accelerated bridge construction (ABC) 
details for RC bridge columns have been developed, and a few have been proof tested.  
Of which, precast columns incorporating mechanical bar splices are the focus of this 
study.  There are several bar couplers in the market, and new ones are emerging.  
Furthermore, there are a few laboratory-scale testing on the seismic performance of these 
types of ABC columns.  However, the literature is lacking a systematic testing of 
mechanically spliced columns using the same scaling, testing methods and materials, and 
under the same loading protocol.  An experimental investigation was conducted at South 
Dakota State University in the Lohr Structures Laboratory to systematically verify the 
seismic performance of mechanically spliced bridge columns and develop the first-of-its-
kind comprehensive experimental database.  This chapter discusses the experimental 
study including test matrix, design and construction, test setup, instrumentation, loading 
protocol, and test results. 
3.2 Test Matrix 
A total of eight half-scale bridge columns including one reference cast-in-place 
column and seven precast columns have been designed, built, and tested for this project.  
The column test parameters were: 
15 
 
• Coupler type 
• Coupler length, 
• Coupler rigid length factor 
• Connection detailing.  
Table 3.1 shows the column test matrix for the three columns included in this study.  The 
reference column was named CIP, for cast-in-place.  The precast columns used a three-
letter naming system starting with “P”.  The second letter in the precast column name is 
for the coupler type; “T” for threaded, “G” for grouted, and “H” for a hybrid combination 
of coupling mechanisms.  The last letter  indicates the coupler manufacturer; “H” for 
Headed Reinforcement and “V” for nVent Lenton.  Figure 3.1 shows four possible 
connection detailing.  The most feasible alternative was selected for each specimen.  
Table 3.1. Column Test Matrix 
SP 
ID 
Coupler Type Manufacturer, Model 
Coupler Length, Lsp, 











nVent LENTON Corp., 
Interlock 
8.63 (219)  
2.67 (68) 
0.82 Use ALT1 detailing 
PTV Threaded 
nVent LENTON Corp., 
Ultimate PT15 Position 
9.0 (228.6)  
1.5 (38) 
0.4 










0.80 Use ALT1 detailing 
Note: Coupler properties are for No. 8 (25-mm) bars.  All couplers except HRC510 was tested in this project 




(a) ALT1 – Couplers Embedded in Precast 
Column (or Adjoining Member) 
(b) ALT2 – Exposed Couplers in Precast Column 
(Cast-in-Place Closure Pour) 
 
 
(c) ALT3 – Exposed Two-Level Couplers in 
Precast Column (Cast-in-Place Closure Pour) 
(d) ALT4 – Repairable Precast Columns 
Figure 3.1. Feasible Connection Details for Mechanically Spliced Precast Columns by Sjurseth (2021) 
 
3.3 Design and Construction of Column Test Specimens 
A summary for the design and construction for each of the column test specimens 
can be found in the following sections.  
3.3.1 CIP Column Model 
A previous study done at SDSU set the design for the CIP column.  The study 
showed couplers had a greater effect on columns with low aspect ratios, low axial loads, 
and a high displacement capacity.  The greatest affects the coupler had were at an aspect 


































































load on the column to the product of column cross-sectional area and concrete strength), 
and a 7.0 for the capacity of displacement ductility (LaVoy 2020).  These variable were 
used for the design of the prototype test specimen.  The precast plant used, Gage 
Brothers, recommended an octagonal shape for ease of construction.    
The CIP column was designed by Sjurseth (2021). CIP was a half-scale cast-in-
place bridge column with an octagonal shape.  The medium diagonal was 24 in. (610 
mm) and had a height of 8ft (2.44m).  The height was measured from the centerline of the 
hydraulic actuator applying the loads to the top of the footing.  The column had 10-#8 
(10- Ø25 mm) longitudinal bars and No. #4 (Ø12.7 mm) transverse hoops spaced at 2 in. 
(51 mm).  A single-batch of A706 longitudinal reinforcement was used for all 
longitudinal reinforcement for all test specimens (except the repairable where stainless 
steel was used) to minimize test variations.  
The cross-section at the tip of the column changed from the octagonal shape 
below to a square with 24 in. (610 mm) side dimensions.  PVC pipes were used when 
casting the column to produce three holes in this square section of the column.  The 
actuator was then secured to the column using high strength threaded rods through the 




Figure 3.2. Reinforcement Detailing of CIP Column by Sjurseth (2021) 
 
Figure 3.3 shows the footing pour that was done in the Lohr Structures 
Laboratory.  Following the footing pour, the column was cast as shown in Figure 3.4.  
The concrete had a target design compressive strength of 6000 psi (41.4 MPa).  Slump 






































a) Before Pour b) After Pour 
Figure 3.3. Construction of CIP Footing by Sjurseth (2021) 
 
  
a) During Pour b) After Pour 




3.3.5. PHV Column Model 
Following the CIP column model detailing, PHV was detailed to incorporate the 
nVent Lenton Interlock” splice, which was a hybrid (grouted-threaded) coupler (Fig. 3.5).  
The reinforcement for this column was the same as CIP except larger diameter hoops 
were used at the section with couplers.  The clear cover at the section with the coupler 
was 1.19 in. (30.2 mm) and the clear cover outside the coupler section was 2 in. (50.8 
mm).  The coupler was filled with the company specified “HY10L” high strength grout, 
which can achieve a minimum compressive strength of 8,500 psi (58.6 MPa) at 28 days 




Figure 3.5. Reinforcement Detailing of PHV Column 
 
GaugeThe construction sequence for PHV was as follows: 
• Cast the footing at SDSU with dowel bars extended (Fig. 3.6), 






























• Erect and install the column at SDSU (Fig. 3.8), 
• Fill the gap between the column and footing at SDSU,  
• Inject “Sleeve-Lock” grout into the couplers at SUSU (Fig. 3.9). 
  
a) Footing Cage b) Concrete Pouring 






a Column Cage 
 
b Column Pouring 





a) Matching Couplers and Dowel Bars  b) Column Secured 
Figure 3.8. Erecting PHV Column 
 
 






Dowels extending from the footing were aligned to allow a coupler maximum 
embedment depth of 7 in. (177.8 mm).  Once the column was secured, the minimal gap at 
the column-footing interface was filled using a high-strength, non-shrink grout (1428HP).  
Finally, the couplers were then injected with the “HY10L” high strength grout from 
bottom vents, and the specimen was left undisturbed until the grout reached a sufficient 
strength. 
3.3.6. PTV Column Model 
Following the CIP column model detailing, the PTV column model was detailed 
(Fig. 3.10) to incorporate the nVent Lenton “Ultimate PT15 Position” threaded coupler.  
The reinforcement for this column was the same as CIP but larger diameter hoops were 
used at the section with couplers.  The clear cover at the section with the coupler was 
1.75 in. (44.5 mm) and the clear cover away from the coupler was 2 in. (50.8 mm).  The 
coupler was spun into place and torqued once the precast column and footing were 
positioned correctly.  The area around the coupler was then filled with “1428 HP” grout, 
which can achieve a compressive strength of 11,500 psi (79.3 MPa) at 28 days when 




Figure 3.10. Reinforcement Detailing of PTV Column 
 
As mentioned earlier, all precast columns, but not the footing, were built by 
Gauge Brothers in Sioux Falls.  The construction sequence for PTV was as follows: 
• Cast the footing at SDSU with dowel bars extended, 






























• Position the column, torque the couplers, and tie the hoops at SDSU (Fig. 3.12), 
• Fill the column-footing gap , and closure pour around the couplers using “1428 
HP” grout at SUSU (Fig. 3.13).  
 
  
a) Column Cage b) Column Pouring 
Figure 3.11. Casting PTV Column 
 
  
a) Column in Position above Dowels b) Coupler Torqued and Hoops Placed 





a) Closure Pour b) Column after Closure Pour 
Figure 3.13. Closure Pour of PTV Column 
 
3.3.7. PHH Column Model 
Following the CIP column model detailing, PHH model was detailed (Fig. 3.14) 
to incorporate the HRC “HRC560” hybrid grouted-headed coupler.  This is a new product 
by HRC and was tested for the first time in the present study.  The reinforcement for this 
column was the same as CIP but with a larger diameter hoop at the section with couplers.  
The clear cover at the section with the coupler was 1.25 in. (31.75 mm) and the clear 
cover away from the coupler was 2 in. (50.8 mm).  Following the HRC recommendation, 
an off-the-shelf product, “Quikrete 15800-00 Precision Grout”, was used to fill the 




Figure 3.14. Reinforcement Detailing of PHH Column 
 
GaugeThe construction sequence for PHH was as follows: 
• Cast the footing at SDSU with dowel bars extended, 
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• Cast the column at the precast plant with couplers embedded (Fig. 3.15) 
• Erect and install the column at SDSU (Fig. 3.16), 
• Fill the gap between the column and footing at SDSU,  
• Inject “Quikrete” grout into the couplers at SUSU (Fig. 3.17).  
•   
a) Column Cage b) Column Pouring 
Figure 3.15. Casting PHH Column 
 
  
a) Column in Position above Dowels b) Matching Coupler and Dowel Bars 





a) Injecting Grout b) After Grouting 
Figure 3.17. Injecting Grout into PHH Couplers 
 
Dowels extending from the footing were positioned so that they had a minimum 
embedment depth of 4.875 in. (124 mm) but not exceeding 5.75 in. (146 mm).  Once the 
column was secured, the minor gap (smaller than 0.375 in. or 9.5 mm) at the column-
footing interface was filled using a high-strength, non-shrink grout (1428HP).  Finally, 







3.4 Test Setup, Instrumentation, and Loading Protocol 
This section details the test setup, instrumentation, and loading protocols used.  
These protocols were selected to simulate seismic loading.  
3.4.1 Test Setup 
Figure 3.18 shows the modular lateral test setup that uses a cantilever layout to 
laterally test each column.  Four reaction blocks of 3 x 5 x 8-ft (0.91 x 1.52 x 2.44-m) 
were post-tensioned to the lab floor.  The lateral load was applied to the column head 
using a 328-kip (1460-kN) hydraulic actuator.  Two hollow core jacks were mounted 
onto a spreader beam that was laid perpendicular to the loading.  High strength rods ran 




a) Column Test Setup Elevation View 
 
b) Photograph of Column Test Setup 











Several different instruments were used to gather data during testing.  Strain 
gauges were installed at different levels along the height of the columns.  Figure 3.19 
shows all possible strain gauge sections along with their eleation and numbering.  Table 
3.2 shows at what level strain gauges were placed for each column.  Note strain gauges 
were not placed at coupler regions.  Linear variable displacement transducers (LVDTs) 
were placed at varying levels on opposite faces of the column in line with the loading 
(Fig 3.20).  The LVDTs were used to measure curvature and rotation.  Three string pots 
were placed at the tip of the column and measured the lateral displacement and rotations 
of the column (Fig. 3.20).  A load-cell on the actuator was used to measure the lateral 
load applied to the column.  A target axial load of 155 kips (689 kN) was applied to each 
column prior to the start of testing.  Note target axial load was approximately a 5% axial 
load index for the design concrete strength of 6000 psi (41.4 MPa).  A 100-kip (445-kN) 
load cell were placed on top of each of the two hollow core jacks to measure the 
necessary axial load.  Note the axial load was adjusted throughout the testing procedure 
to reach the target load at larger displacements.  The data was recorded with a 128-

























































Table 3.2. Column Model Strain Gauge Placement Schedule 
Column 
Sections Where Strain Gauges Were Placed 
SEC 1-1 SEC 2-2 SEC 3-3 SEC 4-4 SEC 5-5 SEC 6-6 
CIP X X X X X X 
PHV X No SG No SG X X X 
PTV X No SG No SG X X X 
PHH X No SG No SG X X X 
Note: “X” indicates that strain gauges were placed in column cross sections shown in Fig. 3.38.  
 
 





































3.4.3 Loading Protocol 
A slow lateral cyclic drift-based loading was used that conformaed to the ACI 
374.2R-13 (2013) for the testing of all column models.  The loading protocol for each 
column test can be seen in Figure 3.21.  The loading was done according to drift ratio, the 
ratio of lateral displacement to the column height.  For drift ratios between 0.25% and 
2.0% a displacement rate of 3.0 in./min (76.2 mm/min) was used to obtain the yield point.  
From 3.0% drift to failure the displacement rate was increase to 30 in./min (762 
mm/min).  For each drift level, two full cycles were done.     
 




























3.5 Test Results 
Testing for all eight columns was completed in the Lohr Structures Laboratory on 
campus of South Dakota State University.  A different mechanical bar splice was used at 
the base of each precast column.  As discussed in the previous section, each column was 
testing using displacement controlled cyclic loading.  Material samples were taken and 
tested for each column to determine their mechanical properties.  The material and 
column testing results are in the following sections.  
3.5.1 Material Properties 
Different materials such as conventional concrete, self-consolidating concrete 
(SCC), various non-shrink grouts and reinforceing bars, and seven different mechanical 
bar splices were used in column construction.  The  materials were tested following 
ASTM procedures, when applicable, and the results are shown in the following sections.   
3.5.1.1 Conventional Concrete 
The entirety of CIP and each of the precast footings was poured using 
conventional concrete.  Samples of were taken during pouring and later tested following 
ASTM C39/C39M standards.  Each standard concrete sample had a diameter of 6 in. (152 
mm) and a height of 12 in. (305 mm).  Table 3.3 shows the average concrete compressive 
strength at 7-day, 28-day, and test day for each column.  
3.5.1.2 SCC 
SCC was used for all precast columns. The same sample size and testing was used 
as conventional concrete.  Table 3.3 also shows the measured compressive strength at 7-
day, 28-day, and test day for each precast column.  
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3.5.1.3 Non-Shrink Grout 
Non-shrink grout was injected into the grouted and hybrid couplers of per the 
coupler manufacturer’s specifications.  PHH and PHV used “Quikrete 1580-00”and 
“HY10L” grouts respectively.  For PTV, which utilized a threaded coupler, the “1428 
HP” grout was used in the cast-in-place closure pour.  For each grout pour, two-inch (51-
mm) cube samples were collected followinging ASTM C109/C109M.  The samples were 
tested following ASTCM C109/C109M.  Table 3.3  shows the measured grout 
compressive strength.  Note to determine when the columns were ready to test, many 
grout cube samples were tested between grout pour and test day to track the strength gain 









Column Models, psi (MPa) 
























































































































* Conventional concrete was used in the CIP column and all footings.  SCC was used in the 
precast columns.   
** “Quikrete 1580-00”, “1428 HP”, and “HY10L” grouts were used for the PHH, PTV, and PHV 
column models, respectively. 
*** The coupler was threaded, the grout was used in the closure pour.  




3.5.1.4 Reinforcing Steel 
The reinforcing steel bars used in all columns conformed to ASTM A706 Grade 
60 (413.7 MPa).  Stainless steel was used in RPH as the longitudinal bars.  Further, 
ASTM A615 Grade 60 (413.7 MPa) was used in the footings of all columns.  All 
columns were reinforced longitudinally with No. 8 (Ø25 mm) black steel bars and 
transversely reinforced with No. 4 (Ø13 mm) black steel hoops.  The longitudinal bars 
used in all columns came from the same heat number (batch).  Therefore all longitudinal 
bars were  had the same properties.  Using bars from the same batch was done to reduce 
response variations between columns.  CIP used transverse reinforcement from one batch 
while the precast columns used transverse reinforcement from another batch.  
Tensile testing of all rebars was conducted according to ASTM E8.  Table 3.4 
presents the measured average tensile properties for different bars used in the columns.  
A sample of the longitudinal bar stress-strain behavior is presented in the following 
section accompanied with the coupler behavior.   
 



































































Two samples of each coupler used in the precast columns were subjected to 
monotonic tensile loading.  The testing procedure followed the recommendations of 
Dahal and Tazarv (2020).  The loading was displacement-based and was at a rate of 
0.021 in/in/min.  The coupler testing setup can be seen in Figure 3.22 and a sample of the 
coupler geometry can be seen in Figure 3.23.  The total length of the specimen (Ltot)  
varies based on the reinforcement bar diameter and the physical length of the splice (Lsp).  
The coupler region is defined as (Lcr), it calculated as the coupler length plus the product 
of 𝛼 (Alpha) and the bar diameter (𝛼.db) from each end of the coupler.  Since all 
longitudinal reinforcement bars for this study were #No. 8, an Alpha of 1.25 in. (31.8 
mm) was used for all couplers.  At least 6 in. (152.4 mm) of reinforcement was provided 




Figure 3.22. Test Setup for Mechanical Bar Splices by Sjurseth (2021) 
 
  
a) Unspliced Specimen b) Spliced Specimen 







Figure 3.24 shows the tensile test results for the No. 8 (25-mm) nVent Lenton 
Interlock couplers.  The couplers respectively showed a reduction in the ultimate strain 
compared with the reference bar of 63% and 64% in Runs 1 and 2, respectively.  The 
average reduction in the ultimate strain compared with the unspliced reference bar was 
63.5%.  Bar fracture was observed in both of the coupler tests.  Overall, this coupler was 
rated as a “seismic coupler”.   
 
Figure 3.24. Tensile Test Results for No. 8 (25-mm) nVent Grouted-Threaded Couplers 
 
Figure 3.25 shows the tensile test results for the No. 8 (25-mm) nVent Lenton 
Ultimate PT15 Position threaded couplers.  The couplers respectively showed a reduction 












































respectively.  The average reduction in the ultimate strain compared with the unspliced 
reference bar was 25%.  Bar fracture was observed in both of the coupler tests.  Overall, 




Figure 3.25. Tensile Test Results for No. 8 (25-mm) nVent Threaded Couplers 
 
Figure 3.26 shows the tensile test results for the No. 8 (25-mm) HRC hybrid 
(grouted-headed) couplers.  The couplers respectively showed a reduction in the ultimate 
strain compared with the reference bar of 68% and 53% in Runs 1 and 2, respectively.  
Run 1 was done with full rebar embedment into the coupler and Run 2 was done with the 
minimum embedment that could be achieved in the column (4.875 in, or 123.8 mm).  The 












































60.5%.  Bar fracture was observed in both of the coupler tests.  Overall, this coupler was 
rated as a “seismic coupler”.   
 
Figure 3.26. Tensile Test Results for No. 8 (25-mm) HRC Hybrid Couplers 
 
Following the procedure set by Dahal and Tazarv (2020), the coupler rigid length 
factor, a mechanical property specific to couplers, based on the coupler ultimate strain 
(βu) for each coupler was calculated.  Table 3.5 shows the measured coupler rigid length 
factors for the splices used in the columns.  The rigid length factor for the nVent Lenton 
Interlock, Ultimate PT15, and HRC560 couplers was 0.82, 0.4, and 0.80, respectively.  
Note only the rigid length factor for seismic couplers should be reported.  However, all 







































Run 1 (Full Embed)







































Bar Fracture 4.4 0.81 
2 Bar Fracture 4.22 0.83 


























Bar Fracture 8.22 0.41 
2 Bar Fracture 8.03 0.39 














Bar Fracture 3.83 0.89 
2 Bar Fracture 5.55 0.70 





3.5.2 CIP Column Results 
The reference column, CIP, was designed, built, and tested by Sjurseth (2021).  
The column was subjected to the loading discussed in Sec. 3.4.  The following section is 
the performance of the CIP column per Sjurseth (2021) which was part of this research 
project.  The results are included for completeness.    
3.5.2.1 Observed Damage 
Table 3.6  is an observed damage summary for each cycle of loading for CIP.  
The plastic hinge damage for the second cycle at each drift can be seen in Figures 3.49 to 
3.74.  The mode of failure for CIP was longitudinal bar buckling and then bar fracture at 
the 10% drift cycles.  
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+0.25 • Minor flexural cracks 
-0.25 • Minor flexural cracks 
+0.50 • Flexural and inclined cracks 
-0.50 
• Flexural and inclined cracks 
• Cracking at column base 
+0.75 
• Flexural Cracks 
• Bar Yielding 
-0.75 
• Flexural Cracks 
• Bar Yielding 
+1.00 • Vertical, flexural, and inclined cracks 
-1.00 • Vertical, flexural, and inclined cracks 
+2.00 
• Vertical, flexural, and inclined cracks 
• Initiation of spalling on South face of column 
-2.00 
• Vertical, flexural, and inclined cracks 
• Initiation of spalling on North face of column 
+3.00 • Widening of cracks 
-3.00 • Widening of cracks 
+4.00 • Extensive concrete spalling 
-4.00 • Extensive concrete spalling 
+5.00 • Widening of cracks 
-5.00 • Transverse bars exposed on South face of column 
+6.00 • Transverse bars exposed on North face of column 
-6.00 • Several transverse bars exposed on South face of column 
+7.00 
• Several transverse bars exposed on North face of column 
• Longitudinal bar exposed on North face of column 
-7.00 • Longitudinal bar exposed on South face of column 
+8.00 • No further damage 
-8.00 • No further damage 
+9.00 • Longitudinal bar buckled on South face of column 
-9.00 • Longitudinal bar buckled on North face of column 
+10.00 • Longitudinal bar rupture on North face of column 
-10.00 • No further damage 





a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 
Figure 3.34. CIP Column Plastic Hinge Damage, Second Pull of 1.00% Drift Cycle by Sjurseth 
(2021) 




a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.37. CIP Column Plastic Hinge Damage, Second Push of 3.00% Drift Cycle by Sjurseth 
(2021) 
   
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.39. CIP Column Plastic Hinge Damage, Second Push of 4.00% Drift Cycle by Sjurseth 
(2021) 
   
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.43. CIP Column Plastic Hinge Damage, Second Push of 6.00% Drift Cycle by Sjurseth 
(2021) 
   
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.45. CIP Column Plastic Hinge Damage, Second Push of 7.00% Drift Cycle by Sjurseth 
(2021) 
   
  
a) North-West Side b) South-East Side 
Figure 3.46. CIP Column Plastic Hinge Damage, Second Pull of 7.00% Drift Cycle by Sjurseth 
(2021) 




a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 





   
  
a) North-West Side b) South-East Side 
Figure 3.51. CIP Column Plastic Hinge Damage, Second Push of 10.00% Drift Cycle by Sjurseth 
(2021) 
   
  
a) North-West Side b) South-East Side 





3.5.2.2 Force-Displacement Relationship 
Figure 3.53 displays the measured lateral force-drift hysteretic and envelope 
responses of CIP.  The envelope was extended up to the 85% of the column base shear 
capacity after the peak strength.  The CIP column experienced a peak lateral force 
capacity around 2% drift ratio and experienced a slight strength degradation from 2% to 
9% drift.  After 9% drift ratio there was a drastic strength and stiffness reduction.  This 
was caused by the reinforcement fracture.  The column showed to be stronger in the pull 
direction.  The CIP longitudinal bars yielded at a lateral load of 37.5 kips (166.9 kN) and 
a 0.47% drift ratio in the push direction..  In the pull direction the bars yielded  at -0.44% 
drift ratio and at a lateral load of -38.8 kips (172.6 kN).  
 




































































The average envelope for the push and pull diretions can be seen in figure 3.54.  
The drift ratio for the average yield was 0.45% and a lateral force of 38.2 kips (169.9 
kN).  Once the lateral resistance fell below 85% of the peak resistance, the column was at 
its failure point.  This was caused by either bar rupture or crushing of core concrete.    
Therefore, the drift capacity of CIP was 8.96%.  As per AASHTO SGS (2011) the 
displacement ductility is the ratio of ultimate displacement and the effective yield 
displacement.  An idealized bilinear force-displacement curve was used to calculate the 
effective yield displacement.  The area under idealized and measured curve are made 
equal between the effective yield point and the ultimate drift to idealize the bilinear 
curve.  The average envelope for CIP can be seen in Figure 3.54 with the idealized 
curve..  0.72% drift ratio was when effective yield occurs and the effective yield lateral 
force was 61.9 kips (275.3 kN).  The displacement ductility capacity (𝜇) was calculated 
as 12.37 for CIP. 
 











































CIP Column Test-Average Envelope







3.5.2.3 Strain Profiles 
A total of thirty-four strain gauges were installed along the height of CIP 
reinforcing steel bars.  The strain gauges were installed at six different levels.  The 
maximum measured tensile strain versus the column height can be seen in Figures 3.77 to 
3.80 for Bars B1, B2, B6, and B7. 
Until the bars began to yield, the strain profile remained uniform.  Generally the 
strain at the column-footing interface was highest and decreased as the height increased.  
Overall, CIP experienced a good strain distribution.  The strain on the reinforceing hoops 
showed a yield strain of 2.3% and a maximum strain of 3.8% occurring near the column-
footing interface. 
 





























































































Figure 3.56. Measured Strain Profile for CIP Column Bar B2 by Sjurseth (2021) 
 





















































































































































































Figure 3.58. Measured Strain Profile for CIP Column Bar B7 by Sjurseth (2021) 
 
3.5.2.4 Measured Rotation and Curvature 
The  (LVDTs) were installed on the North and South faces of the column, in line 
with the lateral loading.  The measured displacements of the LVDTs was used to 
determine both the rotations and curvatures in the plastic hinge region.  The 
instrumentation layout for CIP can be seen in Figure 3.20.  Rotation (θ) and curvature (φ) 
were calculated using Equation 4-1 and 4-2. 
𝜃 =
∆𝐿𝐿 − ∆𝐿𝑅




































































































ΔLL and ΔLR (in. or mm) represent the measured relative displacements on the left and 
right sides of the column, respectively, in the loading direction.  The diameter of the 
column, D (in. or mm), the distances  from the column faces of the left and right LVDTs 
are dL and dR (in. or mm) respectively.   The height of the LVDTS above the footing is h.  
The LVDTs were placed at five different levels in the plastic hinge region to measure 
rotations and curvatures. 
The curvature and rotation for CIP can be seen in Figure 3.59 for drift ratios 
0.25% to 4.0%.  The curvature was always the highest at the base of the column due to 




Figure 3.59. Measured Curvature Profile for CIP Column by Sjurseth (2021) 
 
3.5.2.5 Energy Dissipation 
The cumulative area under the force-displacement hysteresis loops is defined as 
the energy dissipated by the column.  The measured cumulative energy dissipation for 
CIP can be seen in Figure 3.60 at all drift ratios.  At the lower drift ratios the column did 
not dissipate a large amount of energy but as the drift ratio increased and the hysteretic 
loops began to widen the energy dissipation began to rapidly increase.  A maximum of 
8,041 kip-in. (2038 kN-m) of energy was dissipated by CIP prior to failure. 















































































Figure 3.60. Measured Energy Dissipation for CIP Column by Sjurseth (2021) 
 
3.5.3 PHV Column Results 
The seismic performance of the precast column incorporating the nVent Lenton 
“Interlock” hybrid grouted-threaded coupler, PHV, is discussed in this section. 
3.5.3.1 Observed Damage 
The PHV column followed the same testing procedure as the CIP column.  Table 
3.7 presents a summary of the damage observed for each push or pull load for the PHV 
column.  Figures 3.61 to 3.86 show the PHV plastic hinge damage in the second cycle of 
push or pull for each drift level. 
Flexural cracks were observed in the first cycle of 0.25% drift ratio (Fig. 3.61 & 
3.62).  Shear cracks were first observed in the first cycle of 0.5% drift ratio (Fig. 3.65 & 
3.66).  The first yielding occurred in Bar B1 at 0.335% drift in the first push run of the 
0.5% drift cycle under a lateral load of 35.6 kips (158.4 kN) (Fig. 3.65).  Concrete spalled 
















































column during the 5% drift cycles (Fig. 3.75 to 3.76).  Cracks near the top of coupler and 
the base of the column began to spread during the 3% drift cycle.  The lateral strength 
also began to degrade during the 3% drift cycle (Fig. 3.71 & 3.72).  Finally, the PHV 
column failed by a steady loss of strength after the lateral strength until 10% drift ratio, 
where the test stopped.  The strength degradation was attributed to the concrete damage.   
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• Minor flexural cracks 
• Flexural cracks at top of coupler 
-0.25 
• Minor flexural cracks 
• Flexural cracks at top of coupler 
+0.50 
• Flexural and inclined cracks 
• Bar yielding 
-0.50 
• Flexural and inclined cracks 
• Bar yielding 
+0.75 • Flexural cracking 
-0.75 • Flexural and incline cracking 
+1.00 • Flexural and incline cracking 
-1.00 • Cracking at column base 
+2.00 
• Cracking at column base 
• Flexural, vertical, and incline cracking 
-2.00 • Flexural, vertical and incline cracking 
+3.00 • Flexural, vertical, and incline cracking 
-3.00 
• Flexural, vertical, and incline cracking 
• Spalling at column base 
• Beginning of strength degradation 
+4.00 
• Flexural, vertical, and incline cracking 
• Beginning of strength degradation 
-4.00 
• Vertical cracking 
• Widening of cracks 
• Increased spalling 
• Continued strength loss 
+5.00 
• Vertical and inclined cracking 
• Spalling at column base 
• Continued strength loss 
-5.00 
• Increased spalling 
• Vertical cracking 
+6.00 
• Flexural cracks 
• Crack widening 
-6.00 
• Crack widening 
• 15% loss in strength 
+7.00 • Continued strength loss 
-7.00 • Continued strength loss 
+8.00 
• Continued strength loss 
• 15% loss in strength 
-8.00 • Continued strength loss 
+9.00 • Continued strength loss 
-9.00 • Continued strength loss 
+10.0 • Continued strength loss 
-10.0 • Continued strength loss 





a) North-West Side b) South-East Side 
Figure 3.61. PHV Column Plastic Hinge Damage, Second Push of 0.25% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.63. PHV Column Plastic Hinge Damage, Second Push of 0.50% Drift Cycle 
 
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.65. PHV Column Plastic Hinge Damage, Second Push of 0.75% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.67. PHV Column Plastic Hinge Damage, Second Push of 1.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 




a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.71. PHV Column Plastic Hinge Damage, Second Push of 3.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.73. PHV Column Plastic Hinge Damage, Second Push of 4.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.75. PHV Column Plastic Hinge Damage, Second Push of 5.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North Side b) South-East Side 
Figure 3.77. PHV Column Plastic Hinge Damage, Second Push of 6.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.79. PHV Column Plastic Hinge Damage, Second Push of 7.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.81. PHV Column Plastic Hinge Damage, Second Push of 8.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.83. PHV Column Plastic Hinge Damage, Second Push of 9.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North Side b) South-East Side 
Figure 3.85. PHV Column Plastic Hinge Damage, First Push of 10.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 




3.5.6.2 Force-Displacement Relationship 
The measured push and pull envelope responses and the lateral force-drift 
hysteretic of PHV can be found in Figure 3.87.  Note that the envelope is shown up to 
15% drop of force beyond the peak base shear.  In the push direction, PHV exhibited a 
maximum lateral load of 74.2 kips (330 kN) at 3% drift ratio and exhibited a steady 
strength degradation afterwards.  The column was slightly stronger in the push direction 
than pull.  The PHV longitudinal bars yielded at 0.34% drift ratio in the push direction 
under a lateral load of 35.6 kips (158.4 kN), and at -0.46% drift ratio in the pull direction 
at a lateral load of -42.1 kips (187.3 kN).  
 



































































Figure 3.88 shows the average envelope for the push and pull directions of PHV.  
The average yield drift ratio was 0.4% occurred at a lateral force of 38.9 kips (173 kN).  
Based on the 15% load drop criterion as the column failure, the drift capacity of the PHV 
column was estimated as 6.84%.  Furthermore, Fig. 3.88 shows the idealized curve for 
the average PHV envelope.  The effective yield drift ratio was 0.70% at the effective 
yield lateral force of 69.2 kips (307.8 kN) resulting in a displacement ductility capacity of 
9.82 for the PHV column. 
 
Figure 3.88. Measured PHV Column Average Push/Pull Force-Drift Envelope and Idealized Curve 
 
3.5.6.3 Strain Profiles 
Twenty-three strain gauges were installed on the PHV reinforcing steel bars at 
four levels on the column height.  Figures 3.89 to 3.92 show the measured strain profiles 










































PHV Column Test-Average Envelope






Prior to the bar yielding, the strain profile was uniform.  The strain of the bars was 
higher near the column-footing-interface and decreased higher up the column after the 
bars yielded.  Outside the plastic hinge length (about 20 in. or 500 mm) of the bars, the 
strains decreased drastically.  The addition of the couplers is the reason for the shift in 
strain values due to the increased strength and stiffness in the coupler region.  The strains 
for the longitudinal bars of the column are higher at the coupler bottom end.  
 
























































































































































































































































































Figure 3.92. Measured Strain Profile for PGD Column Bar B7 
 
3.5.6.4 Measured Rotation and Curvature 
Rotations and curvatures were determined in the same manner as CIP.  Figure 
3.93 shows the measured curvature profile for the PHV column at drift ratios of 0.25% to 
4.0%.  The highest curvature always occurred at the base due to concentrated concrete 
cracking and bar-slip near the column-footing interface.  The grouted couplers used in 




























































































outside of the coupler.  The figure confirms this observation in which the curvature was 
relatively high near the column base and minimal along the coupler region and above the 
coupler levels. 
  
Figure 3.93. Measured Curvature Profile for PHV Column 
 
3.5.6.5 Energy Dissipation 
Figure 3.94 shows the measured cumulative energy dissipation of the PHV 
column at different drift ratios.  The dissipated energy is negligible until 1% drift ratio, 
















































































where bar yielding was minimal.  The curve experiences linear behavior with the energy 
increasing at a constant rate from about 3.0% drift until the test was concluded at 10.0% 
drift.   At higher drift ratios, the hysteretic loops began to widen which led to a higher 
dissipated energy.  PHV dissipated 5,736.5 kip-in. (648 kN-m) of energy prior to the 
failure. 
 
Figure 3.94. Measured Energy Dissipation for PHV Column 
 
3.5.7 PTV Column Results 
The seismic performance of the precast column incorporating the nVent Lenton 











































3.5.7.1 Observed Damage 
The PTV column followed the same testing procedure as the CIP column.  Table 
3.8 presents a summary of the damage observed for each push or pull load for the PTV 
column.  Figures 3.95 to 3.114 show the PTV plastic hinge damage in the second cycle of 
push or pull for each drift level. 
Flexural cracks were observed in the first cycle of 0.25% drift ratio (Fig. 3.95 & 3.96).  
Shear cracks were first observed in the first cycle of 0.5% drift ratio (Fig. 3.97 & 3.98).  
The first yielding occurred in Bar B1 at 0.367% drift in the first push run of the 0.5% 
drift cycle under a lateral load of 32.77 kips (145.8 kN) (Fig. 3.97).  Concrete spalled on 
both the North and South faces of the column during the 1% and 2% drift cycles 
respectively (Fig. 3.101 to 3.102 & Fig. 103-104).  Cracks developed near the top of 
coupler, at the top of the closure pour, during the first cycle of 0.25% in each direction.  
Note there are a closure pour after installing the couplers in PTV.  Extensive cracking in 
the plastic region of the column began to spread during the 4% drift cycle.  The lateral 
strength also began to degrade during the 4% drift cycle (Fig. 3.107 & 3.108).  Finally, 
three PTV longitudinal bars failed during the 7% drift cycles (Fig. 3.111 & Fig. 3.112).  









• Minor flexural cracks 
• Flexural cracks at top of coupler (closure pour connection) 
-0.25 
• Minor flexural cracks 
• Flexural cracks at top of coupler (closure pour connection) 
• Vertical cracking 
+0.50 
• Flexural and inclined cracks 
• Bar yielding 
-0.50 
• Flexural and inclined cracks 
• Bar yielding 
+0.75 
• Vertical cracking 
• Cracking around column base 
-0.75 
• Vertical cracking 
• Cracking around column base 
+1.00 
• Spalling at upper closure pour connection 
• Crack widening 
• Flexural cracking 
-1.00 • Cracking at column base 
+2.00 • Flexural cracking 
-2.00 • Flexural and incline cracking 
+3.00 • Flexural, vertical, and incline cracking 
-3.00 
• Flexural, vertical, and incline cracking 
• Spalling at column base 
+4.00 
• Flexural, vertical, and incline cracking 
• Increased spalling 
• Widening of cracks 
• Beginning of force degradation 
-4.00 
• Flexural, vertical, and incline cracking 
• Widening of cracks 
• Increased spalling 
• Continued strength loss 
• Beginning of force degradation 
+5.00 
• Increased spalling at column base 
• Continued strength loss 
-5.00 
• Increased spalling 
• Transverse reinforcement exposed 
+6.00 
• Crack widening 
• Increased spalling 
• Transverse reinforcement exposed 
-6.00 
• Crack widening 
• Increased spalling 
+7.00 • One bar ruptured on North side 
-7.00 • Two bars ruptured on South side 





a) North-West Side b) South-East Side 
Figure 3.95. PTV Column Plastic Hinge Damage, Second Push of 0.25% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.97. PTV Column Plastic Hinge Damage, Second Push of 0.50% Drift Cycle 
 
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.99. PTV Column Plastic Hinge Damage, Second Push of 0.75% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.101. PTV Column Plastic Hinge Damage, Second Push of 1.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.103. PTV Column Plastic Hinge Damage, Second Push of 2.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.105. PTV Column Plastic Hinge Damage, Second Push of 3.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.107. PTV Column Plastic Hinge Damage, Second Push of 4.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.109. PTV Column Plastic Hinge Damage, Second Push of 5.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.111. PTV Column Plastic Hinge Damage, Second Push of 6.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.113. PTV Column Plastic Hinge Damage, First Push of 7.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 
Figure 3.114. PTV Column Plastic Hinge Damage, First Pull of 7.00% Drift Cycle 
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3.5.7.2 Force-Displacement Relationship 
The measured envelope responses and lateral force-drift hysteretic of PTV can be 
found in Figure 3.115.  The PTV column exhibited a maximum lateral load of 73.0 kips 
(324.7 kN) at 3% drift ratio and exhibited a slight strength degradation afterwards until 
6%, then a sudden loss in force was observed due to bar fracture.  The column was 
slightly stronger in the pull direction than push.  The PTV longitudinal bars yielded at 
0.45% drift ratio in the push direction under a lateral load of 36.6 kips (162.8 kN), and at 
-0.37% drift ratio in the pull direction at a lateral load of -32.8 kips (145.9 kN).  
 
 



































































Figure 3.116 shows the average envelope for the push and pull directions of PTV.  
The average yield drift ratio was 0.41% occurred at a lateral force of 34.7 kips (154.4 
kN).  Based on the 15% load criterion as the column failure, the drift capacity of the PTV 
column was estimated as 6.04%.  Furthermore, Fig. 3.116 shows the idealized curve for 
the average PTV envelope.  The effective yield drift ratio was 0.70% at the effective 
yield lateral force of 69.2 kips (307.8 kN) resulting in a displacement ductility capacity of 
13.4 for the PHV column. 
 
 











































PTV Column Test-Average Envelope






3.5.7.3 Strain Profiles 
Twenty-three strain gauges were installed on the PTV reinforcing steel bars at 
four levels on the column height.  Figures 3.117 to 3.120 show the measured strain 
profiles of the column for Bars B1, B2, B6, and B7. 
Prior to the bar yielding, the strain profile was uniform.  The strain of the bars was 
higher near the column-footing-interface and decreased at higher lengths of the column.  
Outside the plastic hinge length (about 20 in. or 500 mm for CIP), the bar strains 



















































































































































































































































































Figure 3.120. Measured Strain Profile for PGD Column Bar B7 
 
3.5.7.4 Measured Rotation and Curvature 
Rotations and curvatures were found the same as CIP.  Figure 3.121 shows the 
measured curvature profile for the PTV column at drift ratios of 0.25% to 4.0%.  The 
highest curvature always occurred at the base due to concentrated concrete cracking and 
bar-slip near the column-footing interface.  The threaded couplers used in PTV increased 

























































































below the coupler.  The figure confirms this observation in which the curvature was 
relatively high near the column base, minimal along and above the coupler region. 
   
Figure 3.121. Measured Curvature Profile for PTV Column 
 
3.5.7.5 Energy Dissipation 
Figure 3.122 shows the measured cumulative energy dissipation of the PTV 
column at different drift ratios.  The dissipated energy is negligible until 1% drift ratio, 
where bar yielding was minimal.  The dissipated energy increased exponentially from 
















































































about 3.0% drift until the test was concluded at 7.0% drift.  At high drift ratios, the 
hysteretic loops began to widen which led to a higher dissipated energy.  PTV dissipated 
3,435.8 kip-in. (388.2 kN-m) energy prior to the failure. 
  
Figure 3.122. Measured Energy Dissipation for PTV Column 
 
3.5.8 PHH Column Results 
The seismic performance of the precast column incorporating the “HRC560” 
hybrid grouted-headed coupler, PHH, is discussed in this section. 
3.5.8.1 Observed Damage 
The PHH column followed the same testing procedure as the CIP column.  Table 
3.9 presents a summary of the damage observed during the PHH column testing and Fig. 









































Flexural cracks were observed in the first cycle of 0.25% drift ratio (Fig. 3.123 & 
3.124).  Cracks developed near the top of coupler during the first cycle of 0.25% on the 
South face and the first cycle of the 0.5% drift on the North side.  Shear cracks were first 
observed in the first cycle of 1.0% drift ratio (Fig. 3.129 & 3.130).  The first yielding 
occurred in Bar B1 at 0.588% drift in the first push run of the 0.75% drift cycle under a 
lateral load of 45.18 kips (201 kN) (Fig. 3.127).  Concrete spalled on both North and 
South faces of the column during the 4% drift cycles (Fig. 3.135 to 3.136).  The lateral 
strength also began to degrade at the 4% drift (Fig. 3.135 & 3.136).  Finally, the PHH 
column failed by a loss of strength toward the end of testing (10.0% drift).  The source of 
the strength degradation could not be visually determined.   
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Table 3.9. Summary of Damage in PHH 
Drift Ratio, % Observed Damage 
+0.25 • No observed damage 
-0.25 • Minor flexural cracking 
+0.50 • Flexural and inclined cracking 
-0.50 • Flexural and inclined cracking 
+0.75 
• Flexural and inclined cracking 
• Cracking around column base 
• Bar yielding 
-0.75 
• Flexural cracking 
• Cracking around column base 
• Bar yielding 
+1.00 • Flexural and incline cracking 
-1.00 • No further damage observed 
+2.00 • Flexural, incline, and vertical cracking 
-2.00 • Flexural, incline, and vertical cracking 
+3.00 • Flexural and vertical cracking 
-3.00 • Flexural, vertical, and incline cracking 
+4.00 
• Flexural, vertical, and incline cracking 
• Spalling at column base  
• Beginning of force degradation 
-4.00 
• Flexural, vertical, and incline cracking 
• Beginning of force degradation 
• Spalling at column base  
+5.00 
• Increased spalling at column base 
• Vertical cracking 
• Continued strength loss 
-5.00 
• Increased spalling 
• Vertical and inclined cracking 
• Crack widening at top of coupler region 
+6.00 
• Crack widening 
• Increased spalling 
-6.00 
• Crack widening 
• Increased spalling 
+7.00 
• Significant spalling 
• Continued force degradation 
-7.00 
• Significant spalling 
• Continued force degradation 
+8.00 • Continued force degradation 
-8.00 • Continued force degradation 
+9.00 • Significant strength degradation 
-9.00 • Significant strength degradation 
+10.0 • Continued strength degradation 
-10.0 • Continued strength degradation 





a) North-West Side b) South-East Side 
Figure 3.123. PHH Column Plastic Hinge Damage, Second Push of 0.25% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.125. PHH Column Plastic Hinge Damage, Second Push of 0.50% Drift Cycle 
 
  
a) North-West Side b) South-East Side 






a) North-West Side b) South-East Side 
Figure 3.127. PHH Column Plastic Hinge Damage, Second Push of 0.75% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.129. PHH Column Plastic Hinge Damage, Second Push of 1.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.131. PHH Column Plastic Hinge Damage, Second Push of 2.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.133. PHH Column Plastic Hinge Damage, Second Push of 3.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.135. PHH Column Plastic Hinge Damage, Second Push of 4.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.137. PHH Column Plastic Hinge Damage, Second Push of 5.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.139. PHH Column Plastic Hinge Damage, Second Push of 6.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.141. PHH Column Plastic Hinge Damage, Second Push of 7.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.143. PHH Column Plastic Hinge Damage, Second Push of 8.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.145. PHH Column Plastic Hinge Damage, Second Push of 9.00% Drift Cycle 
 
  
a) North-West Side b) South-East Side 





a) North-West Side b) South-East Side 
Figure 3.147. PHH Column Plastic Hinge Damage, Second Push of 10.0% Drift Cycle 
 
  
a) North-West Side b) South-East Side 
Figure 3.148. PHH Column Plastic Hinge Damage, Second Pull of 10.0% Drift Cycle 
130 
 
3.5.8.2 Force-Displacement Relationship 
Figure 3.149 shows the measured lateral force-drift hysteretic response and the 
push/pull envelopes for PHH.  The envelopes are shown up to the failure points.  The 
PHH column exhibited a maximum lateral load of 72.3 kips (321 kN) at 3% drift ratio 
and exhibited a minor strength degradation afterwards until the testing was concluded at 
10.0%.  The column was slightly stronger in the push direction than the pull direction.  
The PHH longitudinal bars yielded at 0.588% drift ratio in the push direction under a 
lateral load of 45.2 kips (201.1 kN), and at -0.587% drift ratio in the pull direction at a 
lateral load of -48.1 kips (214 kN).  The hysteretic response shows a flag-shape behavior 
(or pinching) during unloading.  This is because the headed bar the top of the hybrid 
coupler had a gap that was opened/extended during loading and was needed to be closed 





Figure 3.149. Measured PHH Column Force-Drift Hysteretic and Envelope Responses 
 
Figure 3.150 shows the average envelope for the push and pull directions of PHH.  
The average yield drift ratio was 0.587% occurred at a lateral force of 46.6 kips (207.3 
kN).  Based on the 15% load drop criterion as the column failure, the drift capacity of the 
PHH column was estimated as 8.66%.  Furthermore, Fig. 3.150 shows the idealized curve 
for the average PHH envelope.  The effective yield drift ratio was 0.7535% at the 
effective yield lateral force of 65.261 kips (290.3 kN) resulting in a displacement 




































































Figure 3.150. Measured PHH Column Average Push/Pull Force-Drift Envelope and Idealized Curve 
 
3.5.8.3 Strain Profiles 
Twenty-three strain gauges were installed on the PHH reinforcing steel bars at 
four levels on the column height.  Figures 3.151 to 3.154 show the measured strain 
profiles of the column for Bars B1, B2, B6, and B7. 
Prior to the bar yielding, the strain profile was uniform.  The strain profiles for 
PHH had many inactive strain gauges.  The general trend shows an increase in the strain 
in the coupler region of those bars that had the corresponding strain gauge recording data.   
The strain of the bars was higher near the column-footing-interface but varied higher up 
















































of the bars, the strains were less than at the column footing interface.  The addition of the 
couplers did not appear to cause a significant shift in strain values due to the increased 
strength and stiffness in that region due to the couplers.   
  

























































































































































































































































































Figure 3.154. Measured Strain Profile for PGD Column Bar B7 
 
3.5.8.4 Measured Rotation and Curvature 
Rotations and curvatures was found the same as CIP.  Figure 3.155 shows the 
measured curvature profile for the PHH column at drift ratios of 0.25% to 4.0%.  The 
highest curvature always occurred at the base due to concentrated concrete cracking and 
bar-slip near the column-footing interface.  The grouted-headed couplers used in PHH 




























































































from the coupler region.  The figure confirms this observation, the curvature was higher 
near the column base and minimal above the coupler. 
  
Figure 3.155. Measured Curvature Profile for PHH Column 
 
3.5.8.5 Energy Dissipation 
Figure 3.156 shows the measured cumulative energy dissipation of the PHH 
column at different drift ratios.  The dissipated energy is negligible until 1% drift ratio, 
















































































where bar yielding was minimal.  At higher drift ratios, the hysteretic loops began to 
widen which led to a higher dissipated energy.  PHH dissipated 5383.4 kip-in. (608.2 kN-
m) of energy prior to the failure. 
 
 












































3.6 Mechanically Spliced Precast Column Experimental Evaluation 
The main goal of this project was to assess the seismic performance of 
mechanically spliced bridge columns in a systematic manner.  The test results for each 
column were individually presented in the previous sections.  This section compares the 
performance of all mechanically spliced precast columns tested in this project with 
respect to the reference CIP column.  The force-displacement relationship, strain profiles, 
and energy dissipation of the columns are compared.  Note that RPH was not included 
herein since it is not a typical mechanically spliced bridge column.   
3.6.1 Observed Damage for all Columns 
The plastic hinge damage of columns after the second pull of the 2% drift cycle 
can be seen in Figure 157.  The CIP column had more cracks in the plastic hinge region 
at this drift when compared to the precast columns.  The reason for the reduction in 
cracks is the couplers tend to increase the strength of the coupler region, this shifts the 







 a) CIP  
   
b) PHV c) PTV d) PHH 
Figure 3.157. CIP, PHV, PTV, and PHH Plastic Hinge Damage at 2% Drift Ratio 
 
 
Figure 3.158 shows the damage in the plastic hinge at failure drift for CIP and all 






 a) CIP at 10%   
   
b) PHV at 10% c) PTV at 7% c) PHH at 10% 
Figure 3.158. CIP, PHV, PTV, and PHH Plastic Hinge Damage at Failure Drift Ratio 
 
 
3.6.2 Force-Displacement Relationship for all Columns 
Figure 3.159 displays the measured lateral force-drift hysteretic response for the 
CIP and the precast columns.  The precast columns behave similar to the CIP column 
with some higher forces.  A wide and stable hysteretic behavior can be seen for all 
comulmns.  The precast column with the HRC hybrid grouted-headed coupler showed a 
pinching above 4% drift ratio during unloading due to a gap between the head of the bar 
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and the head seating area within the coupler.  Compared to CIP, all precast columns had a 
higher stiffness and a higher lateral strength.  This was again due to the coupler rigidity 
and also a higher concrete compressive strength.   
 
 
Figure 3.159. Measured CIP, PGD, PGS, PHD, PHV, PTV, and PHH Force-Drift Hysteretic 
Responses with Sjurseth (2021) 
 
Figure 3.160 displays the measured average push and pull lateral force-drift 
(pushover) envelopes for all columns.  The displacement capacity of PHV, PTV, and 
PHH was 24%, 33%, and 3.3% less than CIP, respectively.  Furthermore, the 




































































than CIP, respectively. PTV failed by longitudinal bar rupture.  PHV and PHH failed by a 
strength loss (mainly due to concrete failure) and showed intermediate ductility.   
The design level drift demand based on the AASHTO spectrum for Downtown 
Los Angeles, CA, can also be seen in the figure.  All columns met the current seismic 
design requirements (AASHTO SGS, 2011).  All columns had a displacement ductility 
capacity between the minimum required displacement ductility capacity of 3 and less 
than 5.  The couplers also showed a displacement capacity that exceeded the design 
displacement demand (e.g., for LA).  
Overall, even with varying seismic performances from the couplers, all seismic 
design standards have been met, thus all are acceptable and may be used in all seismic 
regions of the nation.    
   































































μ = 7.46 μ = 9.82
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3.6.3 Strain Profile for all Columns 
Figures 3.161 to 3.164 show the peak tensile strain profiles at various levels for 
CIP, PHV, PTV, and PHH.  Note the couplers did not have stain gauges directly placed 
on them.  Consequently, strain data is not available at some levels for the precast 
columns.  All columns followed the trend of have higher strains near the base of the 
column.  The strain profile for CIP also had the highest strain at the base and decreased 
along the height of the column. (solid black lines).  The precast columns however, at 
higher drift ratios, experienced higher strains above and below the coupler levels as 
compared with CIP.  The coupler region is much stiffer due to the presence of the coupler 
and this causes the nonlinearity to be shifted outside the couplers region.  The 























































































































































































































































































































Figure 3.164. Measured CIP, PGD, PGS, PHD, PHV, PTV, and PHH Strain Profile for Bar B7 with 
Sjurseth (2021) 
 
3.6.4 Energy Dissipation for all Columns 
Figure 3.165 shows the cumulative energy dissipation of all columns.  The precast 



































































































bars within the couplers do not yield or experience minimal yielding thus some portion of 
the mechanically spliced column plastic hinge does not contribute to the column overall 
displacement.  As a result, the dissipated energy, or the strain energy, in mechanically 
spliced columns are generally smaller than CIP.  For very small couplers, the dissipated 
energy of the precast column is expected to be close to that of CIP.  
 
  
Figure 3.165. Energy Dissipation for CIP, PGD, PGS, PHD, PHV, PTV, and PHH with Sjurseth (2021) 
 
3.7 Summary and Conclusions 
Seven half-scale precast columns were tested under a slow cyclic loading to 
failure.  One cast-in-place column (CIP) was also tested to serve as the reference 
specimen.  Three precast columns incorporated a type of mechanical bar splice within the 
column plastic hinge region, PHV, PTV, and PHH, close to the column-to-footing 






















































• The apparent damages of mechanically spliced bridge columns were generally 
less than those of CIP due to higher stiffness of couplers.   
• The mode of failure for CIP and PTV was the longitudinal bar rupture. The mode 
of failure for PHV and PHH were a loss in strength at the end of testing, typically 
due to concrete damage. 
• The drift ratio capacity for CIP, PHV, PTV, and PHH was 9.0%, 6.8%, 6.0%, and 
8.7% respectively.  Therefore, couplers generally reduce the column displacement 
capacity due to their size and stiffness.  
• The energy dissipation of all mechanically spliced columns was lower than that in 
CIP.   
• Couplers tend to shift the nonlinearities away.  As the result, the strains and 
curvatures of mechanically spliced columns were higher at the ends of the 
couplers, and usually the highest at the column base.  
• The AASHTO seismic requirements were met for all columns and thus 
recommended for use in all 50 states of the nation. 
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The six half-scale precast bridge columns experimental results were shown in the 
previous chapter.  To verify current modeling methods, an analytical investigation on 
those column was performed and will be discussed in the following section. OpenSees 
(2016),which is a finite element computer program, was utilized for the simulations. 
4.2 Analysis of Column Test Specimens 
This section describes the modeling methods developed for the mechanically 
spliced bridge column specimens tested in this project.  CIP is also included.  
Nevertheless, the repairable column, RPH, was not included in this section since it did 
not follow the detailing of a typical mechanically spliced column.   
4.2.1 Modeling Methods 
CIP, PGD, PGS, PHD, PHV, PTV, and PHH columns were all modeled using 
OpenSees (2016).  The columns were generated using a three-dimensional fiber-section 
finite element model with six degrees of freedom (DOFs).  The height, distance between 
the top of footing and the centerline of the actuator, was 8 ft (2.44 m).  The cross-section 
was modeled as octagonal, the same way all columns were constructed. The side 
dimensions were 24 in. (610 mm) across flats.  The longitudinal reinforcement for each 
column was 10 – No. 8 (25-mm) bars (ρl = 1.66%). The transverse reinforcement was No. 
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4 (13-mm) hoops at 2 in. (51 mm) resulting in a volumetric transverse steel bar ratio of ρs 
= 1.48%).   
CIP was designed using a single “forceBeamColumn” element utilizing five 
integration poins (Figure 4.1).  The sectional properties for CIP were simulated with the 
exact cover, core, and steel bar uniaxial fibers that were used in construction.  The core 
and cover concrete were discretized into 50×50 and 10×4 fibers respectively.  Both were 
modeled with “Concrete01”.  The minimum distance separating the exterior of confining 
reinforcement and the column surface was defined as the clear cover.  The mechanical 
properties of the materials discussed in Chapter 3 were used to adjust the fiber properties.  
Mander et al. (1988) proposed a model to calculate core concrete properties.  A summary 
of the materials used in CIP can be seen in Table 4.1.  Bond slip and the P-D (generated 
from the modified stress-strain relationship of steel bars from Tazarv and Saiidi, 2014) 





Figure 4.1. Analytical Modeling Method for Cast-in-Place Column Sjurseth (2021) 
 
Table 4.1. Sectional Fiber Material Properties Used in CIP Sjurseth (2021) 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 4300 psi (29.6MPa) f’cc = 7930 psi (54.7 MPa) 
εcc = 0.002 in/in εcc = 0.0104 in/in 
f’cu = 0.0 psi (0 MPa) f’cu = 6950 psi (47.9 MPa) 
εcu = 0.005 in/in εcu = 0.0341 in/in 
Steel Fibers 
Application: bars at the base section 
including bond-slip effects 
Application:  reference bars in other 
sections 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10640 ksi (73360 MPa) Es = 29000 ksi (20000 MPa) 
Esh = 840 ksi (5800 MPa)  Esh = 853 ksi (5880 MPa) 
εsh = 0.0091 in/in εsh = 0.005 in/in 






























A pushover analysis method (Method 3) was performed on the six mechanically 
spliced precast bridge columns, PGD, PGS, PHD, PHV, PTV, and PHH that was 
developed by Tazarv and Saiidi (2016).  A schematic of the analytical model for the 
precast columns can be found in Figure 4.2.  A three-dimensional fiber-section finite 
element model from OpenSees (2016) with six DOFs was utilized just like for CIP.  
Unlike CIP, two additional elements were needed to effectively incorporate the sectional 
changes.  A “zeroLength” element was added as Element1.  This element was added to 
observe the stress-strain behavior of  the concrete fibers and longitudinal reinforcing steel 
bars.  The bond-slip effects are also included by altering the properties of the longitudinal 
steel reinforcement (seen in Table 4.2).  Elements 2 and 3 were similar to CIP.  Each had 
five integration points and were “forceBeamColumn” elements.  Element 2 modified the 
steel bar properties to match that of the coupler model.  The coupler rigid length factor 
was obtained from Table 3.6 in Chapter 3.  The stress-strain behavior of all six tested 
couplers can be seen in Figure 4.3.  Note five couplers had approximately the same curve 
since the coupler rigid length factors for these couplers were similar (0.7, 0.7, 0.79, 0.82, 
and 0.8 for couplers in PGD, PGS, PHD, PHV and PHH, respectively).  The other 
coupler had a much lower rigid length factor (e.g., Beta was 0.4 for the threaded couplers 
in PTV).  Tables 4.2 – 4.7 display a summary of the material properties used in the 























































































Table 4.2. Sectional Fiber Material Properties Used in PGD  
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 7950 psi (54.8 MPa) f’cc = 11730 psi (80.9 MPa) 
εcc = 0.002 in/in εcc = 0.0068 in/in 
f’cu = 2540 psi (17.5 MPa) f’cu = 8810 psi (60.8 MPa) 
εcu = 0.005 in/in εcu = 0.0226 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.70; Lsp = 16.5 in. (419 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10640 ksi (73400 MPa) Es = 77200 ksi (532000 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 2270 ksi (15700 MPa) 
εsh = 0.009 in/in εsh = 0.0043 in/in 
εsu = 0.126 in/in εsu = 0.045 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  




Table 4.3. Sectional Fiber Material Properties Used in PGS 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Typeoncrete01 
f’cc = 8880 psi (61.2 MPa) f’cc = 12480 psi (88.5 MPa) 
εcc = 0.002 in/in εcc = 0.0065 in/in 
f’cu = 2840 psi (19.6 MPa) f’cu = 9090 psi (62.7 MPa) 
εcu = 0.005 in/in εcu = 0.0218 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.70; Lsp = 14.57 in. (370 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10000 ksi (69000 MPa) Es = 75400 ksi (520000 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 2220 ksi (15300 MPa) 
εsh = 0.016 in/in εsh = 0.0044 in/in 
εsu = 0.126 in/in εsu = 0.0461 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  




Table 4.4. Sectional Fiber Material Properties Used in PHD 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 9640 psi (66.5 MPa) f’cc = 13640 psi (94.0 MPa) 
εcc = 0.002 in/in εcc = 0.0062 in/in 
f’cu = 3080 psi (21.2 MPa) f’cu = 9410 psi (64.9 MPa) 
εcu = 0.005 in/in εcu = 0.0205 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.79; Lsp = 9.45 in. (240 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10640 ksi (73400 MPa) Es = 83300 ksi (574000 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 2450 ksi (16900 MPa) 
εsh = 0.0156 in/in εsh = 0.0040 in/in 
εsu = 0.126 in/in εsu = 0.0418 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  




Table 4.5. Sectional Fiber Material Properties Used in PHV 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 10120 psi (69.8 MPa) f’cc = 14.07 psi (97.0 MPa) 
εcc = 0.0025 in/in εcc = 0.0059 in/in 
f’cu = 4050 psi (27.9 MPa) f’cu = 9380 psi (64.7 MPa) 
εcu = 0.005 in/in εcu = 0.0197 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.82; Lsp = 8.63 in. (219 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10250 ksi (70700 MPa) Es = 86750 ksi (598000 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 2552 ksi (17600 MPa) 
εsh = 0.016 in/in εsh = 0.0038 in/in 
εsu = 0.126 in/in εsu = 0.04 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  






Table 4.6. Sectional Fiber Material Properties Used in PTV 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 10115 psi (69.7 MPa) f’cc = 14259 psi (98.3 MPa) 
εcc = 0.0025 in/in εcc = 0.0061 in/in 
f’cu = 3840 psi (26.5 MPa) f’cu = 9636 psi (66.4 MPa) 
εcu = 0.005 in/in εcu = 0.0203 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.4; Lsp = 9.0 in. (228.6 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10900 ksi (75000 MPa) Es = 43100 ksi (297136 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 1270 ksi (8700 MPa) 
εsh = 0.0155 in/in εsh = 0.00774 in/in 
εsu = 0.126 in/in εsu = 0.08 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  





Table 4.7. Sectional Fiber Material Properties Used in PHH 
Concrete Fibers 
Application: unconfined concrete Application: confined concrete (based on 
Mander’s model) 
Type: Concrete01 Type: Concrete01 
f’cc = 9782 psi (67.4 MPa) f’cc = 13737 psi (94.7 MPa) 
εcc = 0.0025 in/in εcc = 0.0060 in/in 
f’cu = 3913 psi (27.0 MPa) f’cu = 9363 psi (64.6 MPa) 
εcu = 0.005 in/in εcu = 0.0201 in/in 
Steel Fibers 
Application: unspliced (reference) bars 
(Element 1) including bond-slip effects 
Application: spliced bars (Element 2) with 
Beta = 0.80; Lsp = 7.75 in. (196.9 mm) 
Type: ReinforcingSteel Type: ReinforcingSteel 
fy = 69.3 ksi (477.8 MPa) fy = 69.3 ksi (477.8 MPa) 
fsu = 97.4 ksi (671.5 MPa) fsu = 97.4 ksi (671.5 MPa) 
Es = 10400 ksi (71700 MPa) Es = 79600 ksi (550000 MPa) 
Esh = 840 ksi (5800 MPa) Esh = 2350 ksi (16200 MPa) 
εsh = 0.00158 in/in εsh = 0.00419 in/in 
εsu = 0.126 in/in εsu = 0.0437 in/in 
Application: unspliced (reference) bars 
(Element 3) without bond-slip effects 
 
Type: ReinforcingSteel  
fy = 69.3 ksi (477.8 MPa)  
fsu = 97.4 ksi (671.5 MPa)  
Es = 29000 ksi (200000 MPa)  
Esh = 853 ksi (5880 MPa)  
εsh = 0.0115 in/in  






The stress-strain data was recorded at the area where the data would be the 
highest, Element 1. The steel fibers and extreme concrete at the column base would 
experience the highest stress-strain data.  Lateral forces and column tip displacement 
were also recorded.  The analytical failure point for each of the columns was when the 
first of the following limits occurred: 
1) The ultimate tensile strain of the extreme steel fibers were reached, 
2) The ultimate compressive strain of the extreme concrete core fiber was reached, 
3) A reduction of 15% of the peak lateral strength was observed. 
4.2.2 Force-Displacement Relationships 
The measured response of each column is compared to the calculated behavior 
using the pushover response in this section.  For completeness futyre studies will include 
a full cyclic response, for completeness.   
Figure 4.4 displays the measured and calculated force-drift relationships for CIP.  
The stiffness matched well for the calculated and measured initially.  The calculated 
forces were consistently lower than what was measured in the test between 1% and 3% 
drifts mainly because the analytical model lost a large portion of the concrete cover fibers 
in this range (loss of cover fibers means the residual strength of these fibers after 
reaching 0.005 in./in. strain was minimal).  Note CIP was designed to have additional 
clear cover so the location of the longitudinal bars did not change when couplers were 
added to the precast columns.  The calculated peak lateral strength for CIP was 61.9 kips 
(275 kN) while the measured lateral strength was 65.4 kips (291 kN), or a 5.4% 
difference.  The calculated failure drift ratio was 7.64% and when compared to the 
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measured failure drift of 8.96% a 14.7% error was calculated.  The model forecasts CIP 
to fail due to reinforcement fracture, which was also observed in the actual test.  Overall, 
when comparing the analytical model for CIP to the measured data, the model replicated 
the actual behavior with good accuracy.   
 
Figure 4.4. Calculated and Measured Force-Drift Relationships for CIP 
 
Figure 4.5. displays the measured and calculated force-drift relationships for 
PGD.  The stiffness matched well for the calculated and measured initially.  The 
calculated forces were typically higher throughout the test except at the measured peak, 
but the force matched well overall.  The calculated peak lateral strength of PGD was 72.5 
kips (323 kN) while its measured lateral strength was 74.7 kips (332 kN), or a 2.9% 
difference.  The PGD calculated failure drift ratio was 6.24% and its measured failure 
drift was 4.93% (26.6% error).  Overall, the proposed column and coupler modeling 

















































Figure 4.5. Calculated and Measured Force-Drift Relationships for PGD 
 
Figure 4.6 displays measured and calculated force-drift relationships for PGS.  
The stiffness matched well for the calculated and measured initially.  The calculated 
forces were slightly higher throughout the test, but overall, the force matched well.  The 
PGS calculated peak lateral strength was 72.2 kips (3022 kN) while its measured lateral 
strength was 69.6 kips (310 kN), or 3.3% difference.  The PGS calculated drift capacity 
was 6.03% and its measured failure drift was 7.81% (approximately 22.8% error).  The 
model expects that PGS fails due to bar fracture, this was observed in the actual test.  
Overall, the proposed column and coupler modeling methods for PGS were replicated 




























































































Figure 4.6. Calculated and Measured Force-Drift Relationships for PGS 
 
As was discussed in Chapter 3, five grouted-threaded hybrid couplers were 
prepared and tested, which were the same as those used in the PHD column.  Four out of 
five couplers failed by the bar pullout in the in-air tensile testing.  The PHD column with 
these couplers also failed by the bar pullout at the lowest displacement than all other 
precast columns.  Recommendations were made in Chapter 3 for the manufacturer to 
improve the quality control of this product since some studies reported bar fracture for 
this coupler type.  In summary, only seismic couplers should be used in bridge columns 
while those used in PHD were not based on the tensile testing performed in this project.  
The coupler model proposed by Tazarv and Saiidi (2016) has only been verified for those 
bars that fail due to bar fracture, not bar pull out (seismic couplers).   
Figure 4.7 displays the measured and calculated force-drift response for PHD.  
The average 𝛽 = 0.79  when used to model the same way as the other tests, produced 





























































An alternative teqnique was attempted to better estimate the failure displacement 
of the PHD column using the current analytical model.  The alternative teqnique had the 
analysis stop where the coupler strain reached the coupler test strain of 2.36% (Element 
2’s first integration point).  Note for all other analyses, the base element (Element 1) was 
being monitored due to couplers being stronger than what they are anchored to (seismic 
couplers).  When the new calculated curve was compared to the measured a good failure 
point estimation was seen.  The measured and calculated initial stiffness matched well.  
The measured force was slightly lower when compared to the calculated.  The PHD 
calculated peak lateral strength was 73.65 kips (327.6 kN) while its measured lateral 
strength was 71.5 kips (318 kN), or 3.0% error.  The PHD calculated drift capacity using 
the new technique described earlier (stopping the test when coupler pullout occured) was 
2.71% and the measured failure drift was 3.33%.  Overall, the proposed column and 
coupler modeling methods for PHD were replicated actual behavior with a reasonable 




Figure 4.7. Calculated and Measured Force-Drift Relationships for PHD 
 
Figure 4.8 displays the measured and calculated force-drift relationships for PHV.  
The stiffness matched well for the calculated and measured initially.  The calculated 
forces were slightly higher throughout the test, overall the force matched well.  The PHV 
calculated peak lateral strength was 75.4 kips (335 kN) while its measured lateral strength 
was 74.2 kips (330 kN), or a 1.6% difference.  The PHV calculated failure drift ratio was 
5.59% and its measured failure drift was 6.84% (18.3% error).  The model calculates that 
PHV fails by reinforcement fracture, which was not seen during the actual test.   Overall, 
the proposed column and coupler modeling methods for PHV were replicated actual 







































































Figure 4.8. Calculated and Measured Force-Drift Relationships for PHV 
 
Figure 4.9 displays the measured and calculated force-displacement relationships 
for PTV.  The stiffness matched well for the calculated and measured initially.  The PTV 
calculated peak lateral strength was 73.1 kips (325 kN) while its measured lateral strength 
was 73.7 kips (327.8 kN), less than 1.0% error.  The PTV calculated drift capacity was 
6.77% and its measured failure drift was 6.04% (12% error).  The model also predicts 
that PTV fails by reinforcement fracture, which was observed in the actual test at a 
similar drift ratio.  Overall, the proposed column and coupler modeling methods for PTV 





































































Figure 4.9. Calculated and Measured Force-Drift Relationships for PTV 
 
Figure 4.10. displays the measured and calculated force-drift relationships for 
PHH.  The stiffness matched well for the calculated and measured initially.  The 
calculated forces were slightly higher; however, the calculated and measured forces 
overall matched well.  The PHH calculated peak lateral strength was 74.0 kips (329 kN) 
while its measured lateral strength was 72.3 kips (321 kN), or a 2.3% difference.  The 
PHH calculated failure drift ratio was 6.0% and its measured failure drift ratio was 8.66% 
(30.7% error).  Overall, the proposed column and coupler modeling methods for PHH 

















































Figure 4.10. Calculated and Measured Force-Drift Relationships for PHH 
 
4.2.3 Summary of Analytical Study 
Table 4.8 presents a summary of the analytical study performed on the seven column test 
specimens.  The error between the calculated and measured drifts is also presented in 
which the positive error means that the calculated displacement is higher than the 
measured displacement.  The proposed analytical modeling method tends to 
underestimate the failure displacement of the CIP and the mechanically spliced precast 
columns, which is safe for the design purposes.  On average, the proposed model resulted 





















































































CIP N/A N/A N/A N/A 8.96% 7.64% -14.7 
PGD Grouted 
Dayton Superior Corp., 
Sleeve Lock 
16.5 (419) 0.70 4.93% 6.24% +26.6 
PGS Grouted 
Splice Sleeve North 
America, Inc., NMB 





Dextra America, Inc., 
Groutec S with Bartec 





nVent LENTON Corp., 
Interlock 
8.63 (219)  0.49 6.84% 5.59% -18.3 
PTV Threaded 
nVent LENTON Corp., 
Ultimate PT15 Position 







7 (177.8) 0.80 8.66% 6.0% -30.7 
 
4.3 Summary and Conclusions 
An analytical modeling method were developed, and puchover analysis was 
performed in this chapter for CIP and the precast bridge columns.  The analytical model 
was able to replicate the force-displacement behavior of CIP and the other precast 
columns successfully.  The pushover models proposed in this chapter were identified as 
viable for the design and analysis of bridge columns utilizing seismic couplers. 
4.4 References 
AASHTO. (2014). “AASHTO Guide Specifications for LRFD Seismic Bridge Design,” 
Washington, DC: American Association of State Highway and Transportation Officials. 
Ameli, M.J. and Pantelides, C.P. (2017). “Seismic Analysis of Precast Concrete Bridge 
Columns Connected with Grouted Splice Sleeve Connectors.” Journal of Structural 
Engineering, 143(2), p.04016176. 
175 
 
Haber, Z.B., Saiidi, M.S. and Sanders, D.H. (2015). “Behavior and Simplified Modeling 
of Mechanical Reinforcing Bar Splices.” ACI Structural Journal, 112(2), p.179. 
LaVoy, M.R. (2020). “Seismic Performance of Mechanically Spliced Bridge Columns 
Through Analytical Studies.” MS Thesis, South Dakota State University, 106 pp. 
Mander, J.B., Priestley, M.J.N., Park, R. (1988). “Theoretical Stress-Strain Model for 
Confined Concrete,” Journal of Structural Engineering, ASCE, Vol. 114, No. 8, pp. 
1804-1826. 
OpenSees. (2016). “Open System for Earthquake Engineering Simulations,” Version 
2.4.1, Berkeley, CA, Available online: http://opensees.berkeley.edu.  
Saiidi, M.S., Mehraein, M., Shrestha, G., Jordan, E., Itani, A., Tazarv, M., Sanders, D., 
Murphy, T.M., Reno, M.L., and Pohll, M.N. (2020). “Proposed AASHTO Seismic 
Specifications for ABC Column Connections,” National Academies of Sciences, 
Engineering, and Medicine, NCHRP Report No. 935, Washington, DC: The National 
Academies Press, 354 pp. 
Tazarv, M. and Saiidi, M.S. (2014) “Next Generation of Bridge Columns for Accelerated 
Bridge Construction in High Seismic Zones,” Center For Civil Engineering Earthquake 
Research, Department of Civil and Environmental Engineering, University of Nevada, 
Reno, Nevada, Report No. CCEER-14-06, 400 pp. 
Tazarv, M. and Saiidi, M.S. (2016). “Seismic Design of Bridge Columns Incorporating 
Mechanical Bar Splices in Plastic Hinge Regions,” Engineering Structures, DOI: 
10.1016/j.engstruct.2016.06.041, Vol 124, pp. 507-520.  
176 
 
Chapter 5. Evaluation of Current Design 





5.1 Introduction  
A comprehensive experimental database of bridge columns incorporating 
mechanical bar splices was generated in this project.  Furthermore, the pushover analyses 
of seven half-scale bridge columns were performed in the previous chapter.  It was found 
that such analytical tool is viable for the design of a new mechanically spliced bridge 
column.  However, the literature offers other design tools that have not been fully 
investigated in the present project.  In this chapter, current design methods for 
mechanically spliced bridge columns are reviewed and evaluated using the new column 
experimental database. 
NCHRP 935 (Saiidi et al., 2020) recommends three methods to quantify the 
effects of bar couplers on the performance of bridge columns as summarized in Table 5.1.  
The methods are labeled as Method 1, Method 2, and Method 3.  Method 1 is based on a 
simple reduction factor for the displacement ductility capacity using basic coupler 
properties.  In this method, the displacement ductility capacity of CIP is first calculated 
(using a moment-curvature or pushover analysis) then it is modified based on the coupler 
properties.  Method 2 can be performed using a moment-curvature or pushover analysis, 
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but the plastic hinge length should be modified based on the coupler properties.  Method 
3 is a pushover analysis using the coupler stress-strain relationship,  
In this chapter, the accuracy of these three design methods for mechanically 
spliced bridge columns are evaluated.  Note that Method 3 was fully investigated in the 
previous chapter.   













Usually conducted using a lumped 
plasticity model, which requires an 
analytical plastic hinge length.  
However, distributed plasticity 
model can also be utilized 
AASHTO Guide Specifications 
for LRFD Seismic Bridge Design 
Method 1. Spliced 






Use CIP analysis results 
𝜇𝑠𝑝
𝜇𝐶𝐼𝑃




Method 2. Spliced 
columns using proposed 






Lumped plasticity model only 
Similar to CIP but with  
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
)𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 
Method 3. Spliced 
columns using proposed 




Distributed plasticity model only Coupler stress-strain model 
Note:  𝜇𝑠𝑝: The mechanically spliced bent displacement ductility capacity;  𝜇𝐶𝐼𝑃: The corresponding non-spliced cast-
in-place bent displacement ductility capacity;  𝛽: The coupler rigid length ratio;  𝐻𝑠𝑝: The distance from the column 
end to the nearest face of the coupler embedded either inside the column or inside the column adjoining member (in.);  
𝐿𝑠𝑝: The coupler length (in.);  𝐿𝑝
𝑠𝑝
: The modified plastic hinge length for mechanically spliced bridge columns;  Lp: The 
conventional column analytical plastic hinge length according to the current AASHTO SGS. 
 
5.2 Mechanically Spliced Bridge Column Database 
NCHRP 935 evaluated the accuracy of the three methods discussed above using 
data for four mechanically spliced bridge columns.  Data for three columns were 
collected from the literature (GCNP and HCNP from Haber et al., 2014; and GGSS-1 
from Pantelides et al., 2014). The fourth column, GC10, was tested in the NCHRP 
project.  Next section provides more information about these four columns.  Furthermore, 
six mechanically spliced bridge columns, PGS, PGD, PHD, PHV, PTV, and PHH, were 
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tested in the present study.  In total, 10 bridge columns incorporating a type of bar 
coupler in complied herein and are used for design method evaluations.   
5.3 Evaluation of Ductility Reduction Method (Method 1) 
For the 10 mechanically spliced bridge columns, the displacement ductility 
capacity reduction factor accounting for the coupler effects was estimated using Eq. 5.1 




) measured in the tests was also reported for each column.  Figure 5.1 shows a 












The calculated displacement ductility capacities for the mechanically spliced 
bridge columns had a varying degree of accuracy when compared to the measured values.  
The estimated displacement ductility capacity of the first four columns (GCNP, HCNP, 
GGSS-1, and GC10) were all almost the same as those measured in the tests (with a 
maximum error of 2.3%).  Five columns (PGD, PGS, PHV, PTV, and PHH) had a higher 
range of error from 15% to 32.5% (respectively, +29.8%, -15%, -25.3%, 30%, and -
32.5%).  Negative sign means that the estimated value was less than the measure one thus 
conservative for the design.  In one column, PHD, the calculated displacement ductility 
was not close to that in the test mainly because the couplers were not seismic couplers, as 
discussed in the previous chapters.  Excluding PHD, the average error between the 
calculated and measured displacement ductility capacities for nine precast columns was -
1.5% indicating that Method 1 is overall conservative.    
179 
 
Table 5.2. Evaluation of Ductility Reduction Method for Design of Mechanically Spliced Columns 
Reference / Column  Calculated Measured 
Haber et al. (2014) / GCNP 
 
Column with grouted sleeve 
couplers immediately above the 
footing surface 
𝛽 = 0.70 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 




















= 0.61  
Haber et al. (2014) / HCNP 
 
Column with headed bar couplers 5 
in. (127 mm) above the column-to-
footing interface or 4 in. (102 mm) 
from the footing surface to the 
bottom of the coupler 
𝛽 = 0.85 
𝐻𝑠𝑝 = 4 𝑖𝑛. (122 𝑚𝑚) 




















= 0.88  
Pantelides et al. (2014) / GGSS-1 
 
Column with grouted sleeve 
couplers immediately above the 
footing surface 
𝛽 = 0.70 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 




















= 0.61  
NCHRP 935 / GC10 
 
Column with grouted sleeve 
couplers immediately above the 
footing surface 
𝛽 = 0.55 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 




















= 0.69  
Present Study / PGD 
 
Column with grouted sleeve 
couplers immediately above the 
footing surface 
𝛽 = 0.70 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 

















= 0.47  
Present Study / PGS 
 
Column with grouted sleeve 
couplers immediately above the 
footing surface 
𝛽 = 0.70 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 

















= 0.73  
Present Study / PHD* 
 
Column with hybrid (grouted- 
threaded) couplers immediately 
above the footing surface, NOT 
Seismic Coupler 
𝛽 = 0.79 (average of five specimens, use 1.01 
from the pulled-out specimen) 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 





















Table 5.2. Continued 
Reference / Column  Calculated Measured 
 
Present Study / PHV 
 
Column with hybrid (grouted-
threaded) couplers immediately 
above the footing surface 
𝛽 = 0.82 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 

















= 0.79  
Present Study / PTV 
 
Column with threaded couplers 
immediately above the footing 
surface 
𝛽 = 0.4 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 

















= 0.6  
Present Study / PHH 
 
Column with hybrid (grouted-
headed) couplers immediately 
above the footing surface 
𝛽 = 0.80 
𝐻𝑠𝑝 = 0.  use 𝐻𝑠𝑝 = 0.1 𝑖𝑛. (2.5 𝑚𝑚) 

















= 0.89  




a) Dutility Ratio vs. Coupler Properties b) Ductility Ratio vs. Column ID 
Figure 5.1. Evaluation of Ductility Reduction Method for Design of Mechanically Spliced Columns 
  















































5.4 Evaluation of Modified Plastic Hinge Length Method (Method 2) 
The ten mechanically spliced bridge columns discussed in the previous section 
were reanalyzed but using the proposed modified plastic hinge length as: 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
)𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 (5.2) 
 
A moment-curvature analysis was performed in accordance with AASHTO SGS 
(2011) then the results (idealized yield curvature and the ultimate curvature) was used to 
calculate the displacement ductility capacities.   
Table 5.3 presents a summary of the calculations and Fig. 5.1 shows the analysis 
results.  Even though it was not needed in Method 2, the displacement ductility capacities 
for the CIP columns following the current AASHTO method were also included in the 
table for completeness.  The AASHTO moment-curvature method of displacement 
ductility capacity estimation showed up to 13% error in the reference CIP columns.  For 
spliced columns, the calculated displacement ductility capacity for the four columns from 
the NCHRP report were close to that measured in the tests with a maximum error of 
+8%.  For other columns except PHD and PTV, the error had a range of -26.9% to 
+3.3%.  The PHD had non-seismic couplers and should not go through such analysis.  
For PTV, the displacement ductility capacity was overestimated by 31.5% (10.1 in the 
calculation vs 7.46 in the test).  This is attributed to the low rigid length factor (=0.4), 
which is not common for a threaded coupler with a length of 9 in. (229 mm).  Past tests at 
SDSU showed that threaded couplers exhibit large rigid length factors, sometimes 
exceeding 1.0.  The average error between the calculated and measured displacement 
ductility capacity for eight columns (excluding PHD and PTV) was -5.45%.   
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It should be noted that Method 2 also allows performing a fiber-section pushover 
analysis but using the modified plastic hinge length.  Nevertheless, this was not 
performed herein.  Overall, Method 2 based on moment-curvature analysis was found 




Table 5.3. Evaluation of Modified Plastic Hinge Length Method for Design of Mechanically Spliced 
Columns 
Reference / Column  Calculated Measured 
Haber et al. (2014) / GCNP 
 
Column with grouted 
couplers immediately above 
the footing surface 
Non-Spliced Column (CIP): 




Idealized Yield Curvature (∅𝑌𝑖):  0.00023 rad/in. 
Ultimate Curvature (∅𝑢):  0.0032 rad/in. 









) = 7.62 
 
Spliced Column: 
𝛽 = 0.70,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 14.57 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 10.2 𝑖𝑛. 











) = 4.49 
Note:  Displacement 
ductility capacity for a 
reference column is not 
needed in this method.  It is 
provided for comparison. 
 
 








𝜇𝑠𝑝 = 4.52 
(-0.7% error) 
Haber et al. (2014) / HCNP 
 
Column with headed bar 
couplers 5 in. (127 mm) above 
the column-to-footing 
interface 
Non-Spliced Column (CIP): 




Idealized Yield Curvature (∅𝑌𝑖):  0.00023 rad/in. 
Ultimate Curvature (∅𝑢):  0.0032 rad/in. 









) = 7.62 
 
Spliced Column: 
𝛽 = 0.85,   𝐻𝑠𝑝 = 4,   𝐿𝑠𝑝 = 3.13 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 18.26 𝑖𝑛. 




























𝜇𝑠𝑝 = 6.48  
(+8% error) 
Pantelides et al. (2014) / 
GGSS-1 
 
Column with grouted 
couplers immediately above 
the footing surface 
Non-Spliced Column (CIP): 




Idealized Yield Curvature (∅𝑌𝑖):  0.00028 rad/in. 
Ultimate Curvature (∅𝑢):  0.0043 rad/in. 









) = 9.41 
 
Spliced Column: 
𝛽 = 0.70,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 14.57 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 10.2 𝑖𝑛. 

































Table 5.3. Continued 
Reference / Column  Calculated Measured 
NCHRP 935 / GC10 
 
Column with grouted 
couplers immediately 
above the footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 10, Column Length=108 in.,  Lp = 25.91 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.00025 rad/in. 
Ultimate Curvature (∅𝑢):  0.00278 rad/in. 









) = 7.41 
 
Spliced Column: 
𝛽 = 0.55,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 18.0 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 16.01 𝑖𝑛. 











) = 5.17 
Note:  Displacement 
ductility capacity for a 
reference column is not 
needed in this method.  
Also, note that no test was 
done on a reference CIP 
reinforced with No. 10 
bars.  However, using the 
CIP data in Haber et al. 
(2014): 
 







𝜇𝑠𝑝 = 5.07 
(+1.9% error) 
Present Study / PGD 
 
Column with grouted 
sleeve couplers 
immediately above the 
footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.7,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 16.5 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 9.24 𝑖𝑛. 






























Present Study / PGS 
 
Column with grouted 
sleeve couplers 
immediately above the 
footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.7,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 14.57 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 10.59 𝑖𝑛. 
































Table 5.3. Continued 
Reference / Column  Calculated Measured 
Present Study / PHD 
 
Column with hybrid 
(grouted-threaded) 
couplers immediately 
above the footing surface,  
 
NOT Seismic Couplers 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.79 (average of five specimens, use 1.01 from the 
pullout specimen), 𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 9.45 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 11.25 𝑖𝑛. 
































Present Study / PHV 
 
Column with hybrid 
(grouted-threaded) 
couplers immediately 
above the footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.82,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 8.63 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 13.71 𝑖𝑛. 





























Present Study / PTV 
 
Column with threaded 
couplers immediately 
above the footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.4,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 9.0 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 17.19 𝑖𝑛. 

































Table 5.3. Continued 
Reference / Column  Calculated Measured 
Present Study / PHH 
 
Column with hybrid 
(grouted-headed) couplers 
immediately above the 
footing surface 
Non-Spliced Column (CIP): 
Bar size: No. 8, Column Length=96 in.,  Lp = 20.79 in. 
 
Moment-Curvature Analysis: 
Idealized Yield Curvature (∅𝑌𝑖):  0.000245 rad/in. 
Ultimate Curvature (∅𝑢):  0.004659 rad/in. 









) = 11.44 
 
Spliced Column: 
𝛽 = 0.8,   𝐻𝑠𝑝 = 0.,   𝐿𝑠𝑝 = 7.75 𝑖𝑛. 
𝐿𝑝
𝑠𝑝
= 𝐿𝑝 − (1 −
𝐻𝑠𝑝
𝐿𝑝
) 𝛽𝐿𝑠𝑝 ≤ 𝐿𝑝 = 14.59 𝑖𝑛. 
































a) Ductility Ratio vs. Coupler Properties b) Ductility Ratio vs. Column ID 
Figure 5.2. Evaluation of Modified Plastic Hinge Length Method for Design of Mechanically Spliced 
Columns. 
 
5.5 Evaluation of Pushover Analysis Method (Method 3) 
A distributed plasticity fiber-section pushover analysis is allowed in Method 3.  
Furthermore, the coupler effects are included at their actual location and using the actual 
coupler stress-strain relationship within the coupler region.  Method 3 was fully 
investigated in the previous chapter.  A summary of the results can be found in Table 4.6.   
 













































5.6 Comparison of Methods  
Table 5.4 shows the measured and calculated responses of 10 bridge columns 
discussed in the previous sections.  All three current analysis methods of mechanically 
spliced bridge columns are included.  The error between the calculated and the measured 
responses is also presented in parentheses.  Method 3 (the pushover analysis with coupler 
stress-strain within the coupler region) consistently resulted in the most accurate 
response.  Nevertheless, other two methods, which are simpler and less involved, resulted 
in a conservative design.  The large errors seen in PHD was because this column had 
couplers that were not seismic graded in the present study.  Previous tests on the same 
product showed better performance.  The research team recommends a better-quality 
control for this product for consistent performance.  
Overall, all three methods are viable for the design of mechanically spliced 
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An experimental investigation to establish the seismic performance of 
mechanically spliced bridge columns was performed in the Lohr Structures Laboratory at 
South Dakota State University.  A total of eight octagonal half-scale bridge columns were 
designed, tested, and analyzed.  One column to serve as a reference was cast-in-place 
(CIP).  Another six columns were precast utilizing different mechanical bar splice 
connections at the column base. The columns included: a precast column using Dayton 
Sleeve-Lock couplers (PGD), a precast column using NMB Splice Sleeve couplers 
(PGS), a precast column using Dextra Groutec S couplers (PHD), a precast column using 
nVent Lenton Interlock couplers (PHV), a precast column using nVent Lenton Ultimate 
PT15 Position couplers (PTV), and a precast column using Headed Reinforcement Corp. 
HRC560 couplers (PHH).  All columns were tested using the same loading protocol, 
which was a slow cyclic displacement controlled lateral loading to failure.   
All materials including steel bars, concrete cylinders, and grout cubes were tested 
following ASTM standards.  Furthermore, each of the mechanical bar splices were 
subjected to an in-air tensile testing to establish their mechanical properties.  This was 
also done to determine if the couplers were “seismic couplers” or not.  For a coupler to be 
considered a seismic coupler, the mode of failure must be the rupture of the splicing bar 
outside of the coupler region. 
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Next, the current modeling methods of bridge columns, specifically mechanically 
spliced bridge columns, were verified using an analytical study utilizing finite element 
analysis.  The proposed modeling methods were validated using the pushover analyses to 
establish the column global performance.   
Finally, current design methods for mechanically spliced bridge columns were 
evaluated using 10 column test data, four from the literature and 6 from the present study.  
6.2 Conclusions 
Based on both experimental and analytical investigations, the following 
conclusions were drawn from this study: 
• In CIP, flexural and shear cracks developed and extended at low drifts.  Spalling 
began at 2% drift ratio.  At larger drift ratios, major spalling occurred, leading to 
longitudinal bar buckling then bar fracture.  The mode of failure for CIP was 
longitudinal bar fracture.  The lateral load capacity was 65.4 kips (291 kN), and 
the drift capacity was 8.96% for CIP.  
• In PHV, flexural and shear cracks developed and extended at low drifts.  Spalling 
began at 3% drift ratio.  PHV failed by a steady loss of strength after reaching the 
peak lateral force up to 10% drift ratio, where the test was stopped.  The strength 
loss could be due to a gradual concrete failure or P-Delta effects.  The measured 
peak lateral strength was 74.2 kips (330 kN), which was 12.6% higher compared 
to CIP.  The drift capacity of PHV was 6.84%, which was 26.8% lower than CIP.   
• PTV experienced flexural cracking around the edges of the closure pour starting 
at low drifts.  Spalling was observed at 1% at the top of the closure pour.  PTV 
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failed by the bar rupture (one on the North side and two on the South side) similar 
to what was observed in the CIP test.  The peak lateral strength of PTV was 73.0 
kips (324.7 kN), an increase of 11.6% compared to CIP.  PTV had a drift capacity 
of 6.04%, which was 38.9% lower than CIP.   
• PHH experienced significant flexural and shear cracking.  Spalling began at a 
drift ratio of 4.0% at the column base and continued throughout the test.  PHH 
failed by a gradual loss of strength.  The source of the strength degradation could 
not be visually determined, but P-Delta effects might be the main cause of this 
strength degradation.  PHH reached a peak lateral force of 72.3 kips (321kN), 
which was 10% higher than the CIP peak lateral force.  The measured drift 
capacity of PHH was 8.66%, which was close to that of CIP with only 3.4% 
difference.   
• The pushover analysis correctly calculated the mode of failure for CIP to be 
longitudinal bar rupture.  The calculated peak lateral strength was 61.9 kips (275 
kN) and the measured lateral strength was 65.4 kips (291 kN), or a 5.5% 
difference.  The calculated failure drift for CIP was 7.64% while the CIP 
measured failure drift was 8.96%, or a 15.9% difference.  
• The proposed pushover modeling method for the mechanically spliced bridge 
columns were found reasonably accurate for all spiced columns with seismic 
couplers.  A method was devised to analyze columns with non-seismic couplers, 
which also successfully reproduced the column (PHD) behavior.  
193 
 
• Three methods of analyzing bridge columns incorporating bar couplers were 
evaluated using experimental data for 10 mechanically spliced bridge columns.  
Method 1, a simple equation to reduce the displacement ductility capacity, 
resulted in an average of -1.6 error for the columns with seismic couplers.  
Therefore, this method was overall conservative.   
• Method 2, which was based on the modified plastic hinge length, resulted in an 
average of -2.3% error for the columns incorporating seismic couplers.  
Therefore, this method was overall conservative.   
• Method 3, which was based on the pushover analysis using the coupler stress-
strain relationship within the spliced region, resulted in an average of -6.6% error 
for the columns utilizing seismic couplers.  Therefore, this method was overall 
conservative.   
Overall, the current seismic design codes were met for all mechanically spliced 
precast columns and thus are recommended to be used in all 50 states of the nation.  
Additionally, the three design methods evaluated herein for mechanically spliced 
columns were found viable.  Some errors were observed, but the general trend was that 
the three methods usually result in a conservative design for mechanically spliced bridge 
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